Structure-property relationship of hydrogel: molecular dynamics simulation approach by Lee, Seung Geol
STRUCTURE-PROPERTY RELATIONSHIP OF HYDROGEL: 


























In Partial Fulfillment 
of the Requirements for the Degree 
DOCTOR OF PHILOSOPHY in the 
School of MATERIALS SCIENCE AND ENGINEERING 






Georgia Institute of Technology 
AUGUST 2011 
 
COPYRIGHT 2011 BY SEUNG GEOL LEE 
  
STRUCTURE-PROPERTY RELATIONSHIP OF HYDROGEL: 






















Approved by:   
   
Dr. Jang, Seung Soon, Advisor 
School of Materials Science and 
Engineering 
Georgia Institute of Technology 
 Dr. Tsukruk, Vladimir V.  
School of Materials Science and 
Engineering 
Georgia Institute of Technology 
   
Dr. Bucknall, David G., Co-Advisor 
School of Materials Science and 
Engineering 
Georgia Institute of Technology 
 Dr. Thio, Yonathan S.  
School of Materials Science and 
Engineering 
Georgia Institute of Technology 
   
Dr. Brédas, Jean-Luc 
School of Chemistry and Biochemistry 
Georgia Institute of Technology 
  
   





 The author would like to thank Dr. Seung Soon Jang, Chairman of his advisory 
committee, for his advice, support, and guidance throughout this study.  It was his 
confidence in the author and continuous encouragement that made this work possible.  
Dr. David Bucknall, Co-Chairman of his advisory committee, contributed much to the 
author’s understanding of the hydrogel system as a biomedical material.  Appreciation is 
also extended to Dr. Jean-Luc Brédas, Dr. Vladimir Tsukruk, and Dr. Yonathan Thio, 
members of the advisory committee, for their valuable advice, suggestions, and 
encouragement. 
The author would also like to thank Dr. Ji Il Choi for his valuable comments and 
management of the computational resources, Wonsang Koh and Giuseppe Brunello for 
their help with the analysis of the data and the discussion of the results, Dr. Hannah Lee 
for her valuable comments on the VP-co-HEMA hydrogel system, and Grace Kim and 
Ngoc Nhi Le for their help with data analysis.  The author also appreciates working with 
Dr. Jong-Beom Baek, Dr. Mahan Srinivasarao, Dr. Satish Kumar, Dr. Han Gi Chae, Dr. 
Cantwell Carson, Dr. Soonchul Kwon, Dr. Joonseok Koh, and Hyerim Kim during his 
Ph.D.  The author is also grateful to all MSE people, especially to my classmates 
Minsang Park, Il Tae Kim, Jung Hwa Park, Wei Lin, and Michelle Schlea for their 
encouragement.  The author would also like to thank the School of Materials Science and 
Engineering, the Georgia Institute of Technology, the IPST (Institute of Paper Science 
and Technology), and the ACS (American Chemical Society) for providing financial 
support for this project.   
 iv
Finally, thanks to all members of my family, especially my parents, my wife Jung 
Hyun and my daughter Jaeyoung, for their continued love, support and encouragement 
throughout this study.  
  
 v
TABLE OF CONTENTS 
Page 
ACKNOWLEDGEMENTS iii 
LIST OF TABLES viii 
LIST OF FIGURES ix 
LIST OF SYMBOLS AND ABBREVIATIONS xiv 
SUMMARY xvi 





Computational studies for hydrogel 5 
Monomeric sequence effect on poly(N-vinyl-2-pyrrolidone-co-2-hydroxyethyl 
methacrylate) hydrogel 6 
De-swelling mechanisms of poly(N-isopropylacrylamide) hydrogel 9 
Objectives 11 
CHAPTER 2:  COMPUTATIONAL BACKGROUNDS 13 
Force Field 13 
Molecular Dynamics Simulation 18 




CHAPTER 3:  EQUILIBRATED STRUCTURE OF P(VP-co-HEMA) HYDROGEL 22 
 vi
Introduction 22 
Models and Simulation Details 23 
Model Constructions 23 
Monomeric Sequence of P(VP-co-HEMA) 23 
Establishing the Polymeric Network 26 
Model Equilibration 27 
Force Field and MD Parameters 29 
Results and Discussion 30 
Equilibrated Structure 30 
Density 32 
Distribution of water molecules 33 
Pair Correlation Functions of Polymer-Water Molecules 35 
Solvation Free Energies of VP and HEMA 37 
Pair Correlation Functions of Water-Water Molecules 41 
Solvent Accessible Surface Area 41 
Finite Size Effect 42 
Conclusions 43 
CHAPTER 4:  MECHANICAL PROPERTIES OF P(VP-co-HEMA) HYDROGEL 44 
Introduction 44 
Models and Simulation Details 45 
Results and Discussion 47 
Stress-Strain Curves 47 




CHAPTER 5:  TRANSPORT PROPERTIES OF P(VP-co-HEMA) HYDROGEL 56 
Introduction 56 
Models and Simulation Details 57 
Results and Discussion 58 
Equilibrated Structure 58 
Distribution of guest molecules 62 
Diffusion of guest molecules 69 
Conclusion 78 
CHAPTER 6:  DE-SWELLING MECHANISMS OF A SURFACE-GRAFTED 
P(NIPAAm) BRUSH 80 
Introduction 80 
Models and Simulations Details 82 
Model Constructions 82 
Model Equilibration 87 
Force Field and MD Parameters 87 
Results and Discussion 87 
Density Profiles 87 
Pair Correlation Functions of the Surface-grafted Brushes and Water 
Molecules 108 
Hydrogen Bonding Analysis 118 
Total Surface Area of the Surface-grafted Brush 120 
Conclusion 121 




LIST OF TABLES 
Page 
Table 3.1: Characteristics of the hydrogels from 5 ns of NPT MD Simulations .............. 27 
Table 3.2: Water coordination number (CN) from X – O (water) pair............................. 37 
Table 3.3: Solvation free energy of PVP and PHEMA unit ............................................. 40 
Table 4.1: Elastic Moduli of the hydrogels ....................................................................... 53 
Table 5.1: Characteristics of the hydrogels....................................................................... 61 
Table 5.2: Guest molecule coordination number (CN) from the X-O (guest molecule) pair 
in the P(VP-co-HEMA) hydrogel ..................................................................................... 65 
Table 5.3: Solvent accessible surface area of VP units and HEMA units with respect to 
guest molecules ................................................................................................................. 67 
Table 5.4: Coordination number (CN) from the O(guest molecule)-O(water) pair in a 
P(VP-co-HEMA) hydrogel ............................................................................................... 69 
Table 5.5: Chemical formula, molecular weight, and diffusion coefficient of guest 
molecules at 310 K............................................................................................................ 72 
Table 6.1: Coordination numbers from the PCFs of P(NIPAAm)-water pairs and 
P(AAm)-water pairs ........................................................................................................ 117 
 
 ix
LIST OF FIGURES 
Page 
Figure 1.1: The hierarchical multi-scale paradigm in molecular simulation ...................... 3 
Figure 1.2: Chemical structures of (a) poly(N-vinyl-2-pyrrolidone-co-2-hydroxyethyl 
methacrylate), x and y indicate the units of N-vinyl-2-pyrrolidone and 2-hydroxyethyl 
methacrylate, respectively; (b) poly(N-isopropylacrylamide). ........................................... 6 
Figure 2.1: Scheme of bond angle bend............................................................................ 15 
Figure 2.2: Scheme of torsion angle ................................................................................. 15 
Figure 2.3: Scheme of inversion ....................................................................................... 16 
Figure 3.1: Chemical structures of (a) VP; (b) HEMA; and (c) P(VP-co-HEMA) .......... 22 
Figure 3.2: The scheme of the preparation of  P(VP-co-HEMA) hydrogel; (a) single chain 
of the blocky sequence with DP=50; (b) single chain of the random sequence with 
DP=50; (c)  N,N´-methylenebisacrylamide (cross-linker); (d) configuration of cross-
linking point; (e) connected network through the periodic box ........................................ 24 
Figure 3.3: Equilibrated random sequence P(VP-co-HEMA) networks with (a) 0 wt % of 
water content; (c) 20 wt % of water content; (e) 40 wt % of water content; (g) 80 wt % of 
water content, and equilibrated blocky sequence P(VP-co-HEMA) networks with (b) 0 wt 
% of water content; (d) 20 wt % of water content; (f) 40 wt % of water content; (h) 80 wt 
% of water content. Blue, yellow, and green color denote VP, HEMA, and MBA, 
respectively. The oxygen of water molecule is represented by red color. The ball size of 
water molecules with 80 wt % water content is reduced for clarity. ................................ 31 
Figure 3.4: Change of density as a function of water content .......................................... 33 
Figure 3.5: The concept of the pair correlation function; the change of ρg(r) as a function 
of the distance between oxygen and other atoms from our simulations. .......................... 34 
Figure 3.6: Pair correlation function of the N (VP) – O (water) pair, the C (HEMA) – O 
(water) and the O (HEMA) – O(water) with various water contents: .............................. 36 
Figure 3.7: Pair correlation function of the O (water) – O (water) pairs: (a) random 
monomeric sequence; (b) blocky monomeric sequence. .................................................. 42 
Figure 4.1: Compression of hydrogels up to 80%: (a) random P(VP-co-HEMA) with 20 
wt % of water content; (b) blocky P(VP-co-HEMA) with 20 wt % of water content. We 
observed the same features from the compression of the 0, 40 and 80 wt % of water 
content P(VP-co-HEMA) system. .................................................................................... 46 
 x
Figure 4.2: Change of stress as a function of strain. ......................................................... 47 
Figure 4.3: Pair correlation function of the N (VP) – N (VP) pair. The blue, magenta, 
orange, and cyan color denote the deformation of 0-20 %, 20-40%, 40-60%, and 60-80% 
of strain, respectively. ....................................................................................................... 50 
Figure 4.4: Pair correlation function of the C (HEMA) – C (HEMA) pair. The blue, 
magenta, orange, and cyan color denote the deformation of 0-20 %, 20-40%, 40-60%, 
and 60-80% of strain, respectively.................................................................................... 51 
Figure 4.5: Pair correlation function of the N (VP) – C (HEMA) pair. The blue, magenta, 
orange, and cyan color denote the deformation of 0-20 %, 20-40%, 40-60%, and 60-80% 
of strain, respectively. ....................................................................................................... 52 
Figure 4.6: Change of elastic modulus as a function of water content. ............................ 54 
Figure 5.1: Chemical structures of (a) D-glucose and (b) ascorbic acid........................... 57 
Figure 5.2: Equilibrated random P(VP-co-HEMA) hydrogels with (a) ascorbic acid and 
(c) D-glucose with 20 wt % water content, (e) ascorbic acid and (g) D-glucose with 40 wt 
% water content, and (i) ascorbic acid and (k) D-glucose with 80 wt % water content; 
equilibrated blocky P(VP-co-HEMA) hydrogels with (b) ascorbic acid and (d) D-glucose 
with 20 wt % water content, (f) ascorbic acid and (h) D-glucose with 40 wt % water 
content, and (j) ascorbic acid and (l) D-glucose with 80 wt % water content.  Blue, 
yellow, green, orange, and cyan color denotes VP, HEMA, MBA, ascorbic acid, and D-
glucose, respectively.  The oxygen and hydrogen of the water molecule are represented 
by red and white colors, respectively.  The ball size of the water molecules with 80 wt % 
water content is reduced for clarity. .................................................................................. 60 
Figure 5.3: Atoms used to calculate the pair correlation function. ................................... 62 
Figure 5.4: Pair correlation functions of ascorbic acid in the P(VP-co-HEMA) hydrogel: 
ascorbic acid in the random sequence with 20 wt % (a), 40 wt % (c), and 80 wt % water 
content (e) and in the blocky sequence with 20 wt % (b), 40 wt % (d), and 80 wt % water 
content (f). ......................................................................................................................... 63 
Figure 5.5: Pair correlation functions of D-glucose in P(VP-co-HEMA) hydrogel: 
ascorbic acid in the random sequence with 20 wt % (a), 40 wt % (c), and 80 wt % water 
content (e) and in the blocky sequence with 20 wt % (b), 40 wt % (d), and 80 wt % water 
content (f). ......................................................................................................................... 64 
Figure 5.6: Pair correlation functions of O(ascorbic acid)-O(water) in random sequence 
(a) and in blocky sequence (b); pair correlation functions of O(D-glucose)-O(water) in 
random sequence (c) and in blocky sequence (d). ............................................................ 68 
Figure 5.7: Mean square displacement (MSD) of logarithmic plots for the guest 
molecules in the P(VP-co-HEMA) hydrogel, with ascorbic acid in a random sequence (a) 
 xi
and blocky sequence (b) and with D-glucose in a random sequence (c) and blocky 
sequence (d). ..................................................................................................................... 71 
Figure 5.8: Total Displacement of the center of mass of the guest molecules in the P(VP-
co-HEMA) hydrogel during the last 10 ns of the NPT MD simulation for ascorbic acid in 
the random sequence (a) and in the blocky sequence (b) and for D-glucose in the random 
sequence (c) and in the blocky sequence (d)..................................................................... 74 
Figure 5.9: Theoretical models to investigate the relationship between the size of the 
channel in the system and the available surface area; (a) a unit structure with a dummy 
atom with a van der Waals radius of 0.5 Å; (b) a superstructure made of 30 × 30 × 30 unit 
structures; and (c) a model with a cubical void of 10 Å × 10 Å × 10 Å at the center.  
Models with various cross-sectional areas for the channel: (d) 2 Å × 2 Å; (e) 4 Å × 4 Å; 
(f) 6 Å × 6 Å; and (g) 8 Å × 8 Å.  The dummy atoms are invisible in models (c), (d), (e), 
(f) and (g) to allow for a clear view of the void and the channels. ................................... 75 
Figure 5.10: Change in the inner surface area from the theoretical models (Figure 5.9) as 
a function of probe radius. ................................................................................................ 76 
Figure 5.11: Change in the inner surface area from the simulated hydrogels as a function 
of the probe radius; ascorbic acid in the random sequence (a) and in the blocky sequence 
(b) and D-glucose in the random sequence (c) and in the blocky sequence (d).  The dot-
line indicates the radius of either ascorbic acid or D-glucose.  The gray dot-line indicates 
the hydrodynamic radius of the guest molecule. .............................................................. 78 
Figure 6.1: Preparation scheme of the surface-grafted P(NIPAAm) chain on silicon 
substrate; (a) a single chain of P(NIPAAm) with DP=30; (b) side view of the silicon 
substrate; and (c) top view of silicon substrate. ................................................................ 84 
Figure 6.2: Packing energies of the surface-grafted P(NIPAAm) brush. ......................... 85 
Figure 6.3: Preparation of the initial configurations of the surface-grafted P(NIPAAm) 
brushes on the silicon slab; (a) a hexagonal closed packing mode is retained in an 
orthorhombic simulation box (blue box) with the lattice parameters of  a = 39.91 Å, b = 
34.56 Å, and c = 200 Å; (b) the initial configuration  of the surface-grafted P(NIPAAm) 
brushes, consisting of 12 P(NIPAAm) chains, with blue circles indicating the location of 
each brush in the system; and (c) hydrated P(NIPAAm) brushes with 1300 water 
molecules, with blue circles and red color indicating the location of each brush and water 
molecules in the system, respectively. .............................................................................. 86 
Figure 6.4: Snapshots of the hydrated surface-grafted P(NIPAAm) brushes during the 
MD simulation at (a) 370 K; (b) 345 K; (c) 320 K; (d) 290 K; and (e) 275 K.  Blue, 
yellow, red, and white color denote polymer brushes, silicon substrate, oxygen of water, 
and hydrogen of water, respectively. ................................................................................ 92 
Figure 6.5: Density profiles of the surface-grafted P(NIPAAm) brushes at 370 K: (a) 1 
ns; (b) 3 ns; (c) 5 ns; (d) 10 ns; and (e) 15 ns. .................................................................. 93 
 xii 
Figure 6.6: Density profiles of the surface-grafted P(NIPAAm) brushes at 345 K: (a) 1 
ns; (b) 3 ns; (c) 5 ns; (d) 10 ns; and (e) 15 ns. .................................................................. 94 
Figure 6.7: Density profiles of the surface-grafted P(NIPAAm) brushes at 320 K: (a) 1 
ns; (b) 3 ns; (c) 5 ns; (d) 10 ns; and (e) 15 ns. .................................................................. 95 
Figure 6.8: Density profiles of the surface-grafted P(NIPAAm) brushes at 290 K: (a) 1 
ns; (b) 3 ns; (c) 5 ns; and (d) 10 ns. .................................................................................. 96 
Figure 6.9: Density profiles of the surface-grafted P(NIPAAm) brushes at 275 K: (a) 1 
ns; (b) 3 ns; (c) 5 ns; and (d) 10 ns. .................................................................................. 97 
Figure 6.10: Scheme to determine the thickness of the brushes and the water slab ......... 98 
Figure 6.11: (a) Thickness of the water out of the P(NIPAAm) brushes; (b) number of 
water molecules out of the P(NIPAAm) brushes; (c) density of the water out of the 
P(NIPAAm) brushes; (d) density of the water in the P(NIPAAm) brushes; (e) thickness 
of the P(NIPAAm) brushes; and (f) density of the P(NIPAAm) brushes. ........................ 99 
Figure 6.12: Snapshots of the hydrated surface-grafted P(AAm) brushes during 
simulation at (a) 370 K; (b) 345 K; (c) 320 K; (d) 290 K; and (e) 275 K.  Blue, yellow, 
red, and white color denote polymer brushes, silicon substrate, oxygen of water, and 
hydrogen of water, respectively. ..................................................................................... 102 
Figure 6.13: Density profiles of the surface-grafted P(AAm) brushes at 370 K: (a) 1 ns; 
(b) 3 ns; and (c) 5 ns. ...................................................................................................... 103 
Figure 6.14: Density profiles of the surface-grafted P(AAm) brushes at 345 K: (a) 1 ns; 
(b) 3 ns; and (c) 5 ns. ...................................................................................................... 104 
Figure 6.15: Density profiles of the surface-grafted P(AAm) brushes at 320 K: (a) 1 ns; 
(b) 3 ns; and (c) 5 ns. ...................................................................................................... 105 
Figure 6.16: Density profiles of the surface-grafted P(AAm) brushes at 290 K: (a) 1 ns; 
(b) 3 ns; and (c) 5 ns. ...................................................................................................... 106 
Figure 6.17: Density profiles of the surface-grafted P(AAm) brushes at 275 K: (a) 1 ns; 
(b) 3 ns; and (c) 5 ns. ...................................................................................................... 107 
Figure 6.18: Thickness of the P(AAm) brushes.............................................................. 108 
Figure 6.19: Atoms used to calculate the pair correlation function. ............................... 109 
Figure 6.20: Pair correlation functions of O(NIPAAm)-O(water) pairs at 370 K (a); 345 
K (b); 320 K (c); 290 K (d); and 275 K (e). .................................................................... 111 
Figure 6.21: Pair correlation functions of O(AAm)-O(water) pairs at 370 K (a); 345 K 
(b); 320 K (c); 290 K (d); and 275 K (e)......................................................................... 112 
 xiii
Figure 6.22: Pair correlation functions of N(NIPAAm)-O(water) pairs at 370 K (a); 345 
K (b); 320 K (c); 290 K (d); and 275 K (e). .................................................................... 113 
Figure 6.23: Pair correlation functions of N(AAm)-O(water) pairs at 370 K (a); 345 K 
(b); 320 K (c); 290 K (d); and 275 K (e)......................................................................... 114 
Figure 6.24: Pair correlation functions of C(NIPAAm)-O(water) pairs at 370 K (a); 345 K 
(b); 320 K (c); 290 K (d); and 275 K (e)......................................................................... 115 
Figure 6.25: Change in the coordination numbers of X(NIPAAm)-O(water) pairs: X = C, 
O or N. ............................................................................................................................ 116 
Figure 6.26: Change in the coordination numbers of (a) O(AAm)-O(water) pairs and (b) 
N(AAm)-O(water) pairs.................................................................................................. 116 
Figure 6.27: Total number of hydrogen bonds: (a) P(NIPAAm) brushes and (b) P(AAm) 
brushes. ........................................................................................................................... 119 
Figure 6.28: Total surface area : (a) P(NIPAAm) brushes and (b) P(AAm) brushes. .... 121 
 
 xiv
LIST OF SYMBOLS AND ABBREVIATIONS 
 
QM  Quantum Mechanics 
MM  Molecular Mechanics 
MD  Molecular Dynamics 
FEM  Finite Element Method 
DP  Degree of Polymerization 
P(VP-co-HEMA) poly(N-vinyl-2-pyrrolidone-co-2-hydroxyethyl methacrylate) 
P(NIPAAm) poly(N-isopropylacrylamide) 
NVE  microcanonical 
NVT  canonical 
NPT  isothermal-isobaric 
VP  N-vinyl-2-pyrrolidone 
HEMA  2-hydroxyethyl methacrylate 
PVP  poly(N-vinyl-2-pyrrolidone) 
PHEMA  poly(2-hydroxyethyl methacrylate) 
DR  Degree of Randomness 
MBA  N,N´-methylenebisacrylamide 
LAMMPS Large-scale Atomic/Molecular Massively Parallel Simulator 
PCF  Pair Correlation Function  
CN  Coordination Number 
SASA  Solvent Accessible Surface Area 
LCST  Lower Critical Solution Temperature 
MSD  Mean Square Displacement 
 xv
DLS  Dynamic Light Scattering 
SPR  Surface Plasmon Resonance spectroscopy 
NR  Neutron Reflectivity 
QCM  Quartz Crystal Microbalance measurement 
AFM  Atomic Force Microscope 
NMR  Nuclear Magnetic Resonance 
ATRP  Atom Transfer Radical Polymerization 
RAFT  Reversible Addition-Fragmentation chain Transfer 
P(AAm)  poly(acrylamide) 





We have used a molecular modeling of both random and blocky sequence 
hydrogel networks of poly(N-vinyl-2-pyrrolidone-co-2-hydroxyethyl methacrylate) 
(P(VP-co-HEMA)) with a composition of VP:HEMA = 37:13 to investigate the effect of 
the monomeric sequence and the water content on the equilibrium structures and the 
mechanical and transport properties by full-atomistic molecular dynamics (MD) 
simulations.  The degree of randomness of the monomer sequence for the random and the 
blocky copolymers, were 1.170 and 0.104, respectively, and the degree of polymerization 
was fixed at 50.  The equilibrated density of the hydrogel was found to be larger for the 
random sequence than for the blocky sequence at low water contents (< 40 wt %), but 
this density difference decreased with increasing water content.  The pair correlation 
function analysis shows that VP is more hydrophilic than HEMA and that the random 
sequence hydrogel is solvated more than the blocky sequence hydrogel at low water 
content, which disappears with increasing water content.  Correspondingly, the water 
structure is more disrupted by the random sequence hydrogel at low water content but 
eventually develops the expected bulk-water-like structure with increasing water content.  
From mechanical deformation simulations, the stress-strain analysis showed that the VP 
is found to relax more efficiently, especially in the blocky sequence, so that the blocky 
sequence hydrogel shows less stress levels compared to the random sequence hydrogel.  
As the water content increases, the stress level becomes identical for both sequences.  
The elastic moduli of the hydrogels calculated from the constant strain energy 
minimization show the same trend with the stress-strain analysis.  Ascorbic acid and D-
glucose were used to study the effect of the monomeric sequence on the diffusion of 
small guest molecules within the hydrogels.  By analyzing the pair correlation functions, 
 xvii 
it was found that the guest molecule has greater accessibility to the VP units than to the 
HEMA units with both monomeric sequences due to its higher hydrophilicity compared 
to the HEMA units.  The monomeric sequence effect on the P(VP-co-HEMA) hydrogel is 
clearly observed with 20 wt % water content, but the monomeric sequence effect is 
significantly reduced with 40 wt % water content and disappears with 80 wt % water 
content.  This is because the hydrophilic guest molecules are more likely to be associated 
with water molecules than with the polymer network at the high water content.  By 
analyzing the mean square displacement, the displacement of the guest molecules and the 
inner surface area, it is also found that the guest molecule is confined in the system at 20 
wt % water content, resulting in highly anomalous subdiffusion.  Therefore, the diffusion 
of the guest molecules is directly affected by their interaction with the monomer units, 
the monomeric sequence and the geometrical confinement in the hydrogel at a low water 
content, but the monomeric sequence effect and the restriction on the diffusion of the 
guest molecule are significantly decreased with increasing the water content. 
We also investigated the de-swelling mechanisms of the surface-grafted poly(N-
isopropylacrylamide) (P(NIPAAm)) brushes containing 1300 water molecules at 275 K, 
290 K, 320 K, 345 K, and 370 K.  We clearly observed the de-swelling of the water 
molecules for P(NIPAAm) above the lower critical solution temperature (LCST) (~305 
K).  Below the LCST, we did not observe the de-swelling of water molecules.  Using the 
upper critical solution temperature (UCST) systems (poly(acrylamide) brushes) for 
comparison purposes, we did not observe the de-swelling of water molecules at a given 
range of temperatures.  By analyzing the pair correlation functions and the coordination 
numbers, the de-swelling of the water molecules occurred distinctly around the isopropyl 
group of the P(NIPAAm) brush above the LCST because C(NIPAAm) does not offer 
sufficient interaction with the water molecules via the hydrogen bonding type of 
secondary interaction.  We also found that the contribution of the N(NIPAAm)-O(water) pair is 
quite small because of the steric hindrance of the isopropyl group.  By analyzing the 
 xviii
change in the hydrogen bonds, the hydrogen bonds between polar groups and water 
molecules in the P(NIPAAm) brushes weaken with increasing temperature, which leads 
to the de-swelling of the water molecules out of the brushes above the LCST.  Below the 
LCST, the change in the hydrogen bonds is not significant.  Again, the contribution of the 
NH(NIPAAm)-water pairs is insignificant; the total number of hydrogen bonds is ~20, 
indicating that the interaction between the NH group and the water molecules is not 
significant due to steric hindrances.  Lastly, we observed that the total surface area of the 
P(NIPAAm) brushes that is accessible to water molecules is decreased by collapsing the 
brushes followed by the de-swelling of water molecules above the LCST. 
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CHAPTER 1: INTRODUCTION 
   
Hydrogel 
 By definition, a hydrogel is a three-dimensionally cross-linked polymeric network 
that is capable of absorbing and retaining huge amounts of water or biological fluids [1].  
Since Wichterle and Lim [2] introduced the hydrophilic gels for biological use in the 
early 1960s, significant efforts have been devoted to use the hydrogels in the biomedical 
and pharmaceutical applications [3-10] , especially for drug delivery and tissue 
engineering applications due to an excellent biocompatibility and smart stimulus-
response properties.  Indeed, in order to comply with rapidly increasing demands in 
medical treatment and health care, a large variety of hydrogels have been made and tested 
so far on the basis of recent progresses in organic synthesis techniques that can realize 
exactly-tailored molecular architectures according to the suggested design [4, 11].  
Although these given materials have helped a lot of people enjoy lives in a better state, 
there are still strong demands for better materials which have better properties such as 
biocompatibility, mechanical properties, sensitivity, and smart responsiveness and so on.  
For example, relatively good mechanical stability and high oxygen permeability is 
required for applications in contact lenses which is one of the earliest biomedical 
applications of hydrogels [12-16].  This approach is also critical to design the hydrogel 
for other promising applications such as artificial tendon materials, wound-healing 
bioadhesives, artificial kidney membranes, artificial cartilage, artificial skin, 
maxillofacial and sexual organ reconstruction materials, vocal cord replacement materials, 
and drug delivery vehicles [3, 6, 17, 18].  In order to obtain better materials, we may 
think various ways to do: to redesign given synthetic materials, to hybridize synthetic 
materials with biomaterials, and to modify given biomaterials.  For this purpose, we need 
to understand the detailed information on the molecular mechanisms behind the physical 
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properties for each class of biomaterial as well as principles behind events that 
determined excellent or poor biomaterials.  Thus, we will focus on the understanding of 
the molecular mechanisms at an atomic/molecular level to provide valuable information 




 By definition, simulation is a process that can mimic the relevant features of a 
physical process [19].  Except in a few very special simple cases, most interesting 
molecular systems contain many atoms or molecules so there is no hope of finding the 
exact solution for even simple governing equation or equation of motion using only 
pencil and paper.  Prior to use computer simulation, desirable properties could only be 
predicted using theory that provided a crude description of materials of interest.  Using a 
computer, we try to obtain answers to some desired accuracy.  Indeed, the computer 
simulation has provided useful information for problems in various field such as biology, 
chemistry, and physics, as well as economics and psychology since it played a essential 
role in developing nuclear weapons and code breaking in the early 1950s [20].  Recently, 
the usefulness of the computer simulation has been accelerated tremendously with rapid 
evolution of high performance computers, so that the application of the computer 
simulation grow continuously in almost every science and technology field. 
 
Molecular Simulation 
 Among various computer simulation methods such as molecular simulation and 
finite element method (FEM), especially the molecular simulation methods have 
provided direct routes from the microscopic structural details of materials to the 
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macroscopic properties of interest.  So far, lots of molecular simulation methods have 
been developed and validated in many fields of physics and chemistry.  As shown in 
Figure 1.1, it should be noted, however, that the use of molecular simulation methods 
should be dependent on the properties of interest due to the multi-scale characteristics of 
material systems for given distance and time scale.   
  
  In other words, in order to investigate the electronic structures and properties of 
materials for which atomic dimension is the characteristic length scale, the quantum 
mechanics (QM) simulation should be used to obtain useful information for electronic 
properties of material of our interest by calculating electron wave functions up to several 
Angstroms and picoseconds.  Since QM methods determine state of all electrons, the 
results from QM show very accurate geometries and energies of the system.  However, 
 


























the computational cost of QM calculations beyond 100 atoms range is very high.  If the 
simulation of over several hundreds and thousands of atoms is required, a different 
approach must be used.   
 By averaging over the electron wave functions, QM can be approximated with 
molecular mechanics (MM) and molecular dynamics (MD) which allows us to 
investigate the structure and energetic of larger system with up to hundred nanometer or 
even micrometer scale dimension.  At this stage, electrons and nuclei are represented by 
atoms and bonding schemes in a classical dynamical manner.  In MM or MD, the atoms 
are considered as a soft sphere bonded to each other with springs, so that energies and 
forces derived from this approximation can be plugged into classical physics formulas to 
obtain dynamic trajectories or optimized geometries.   
 For this study, we will build the model that consists of several thousand atoms 
and need to simulate up to 50 nanoseconds to obtain the equilibrated structure and any 
desirable properties from the simulation.  MD simulations allow for the study of 
comparatively large systems and have emerged as an effective tool for the 
characterization of the mechanical and thermal behaviors of nanostructure.  Thus, we will 
use the molecular simulation techniques of MD in order to complete the investigation 
using a reasonable amount of time and resources.  Further up in the hierarchy lie 
simulation methods requiring ever more crude approximations to maintain computational 
feasibility for systems operating on longer time and distance.  While our system is based 
on full atomistic models, the methods beyond MD/MM in the hierarchy will not be 
discussed.  Since polymeric systems are complex, it is still not feasible to completely 
describe all aspects of a system using MD technique.  However, using accurate and 
robust MD simulations on polymeric models, we can obtain reliable results to analyze the 
systems.  This data can be used to build high quality atomistic models to design the 





Computational studies for hydrogel 
 With recent advanced in computing power, MD simulation technique has been 
widely used to characterize the molecular structure and properties of various materials 
systems including bio-systems since it can provide detailed information on structures and 
behaviors of systems at the molecular level [20-25].  It should be noted, however, that 
there have been only a limited number of MD simulation studies on hydrogel systems.   
 Tamai and Tanaka carried out MD simulations for hydrogel models of poly(vinyl 
alcohol), poly(vinyl methyl ether), and poly(N-isopropylacrylamide) hydrogels to study 
polymer-water interaction in hydrogels by analyzing the hydrogen bond structure and 
dynamics [26, 27].  The range for degree of polymerization (DP) of the polymer chain is 
11-161 and the range for number of water molecules is 5 to 215.  They have also 
performed MD simulations of poly(vinyl alcohol) with 81 or 161 DP and pure water over 
a wide temperature range 150-400 K to study effects of polymer chains on structure and 
dynamics of supercooled water in hydrogels [28, 29].   They used 150 to 216 water 
molecules and the simulation time range was 1 to 40 ns.   
 Oldiges et al. have simulated poly(acrylamide) hydrogels to investigate the local 
structural, mobility effects between dilute aqueous acetonitrile solution, water, and 
crosslinked poly(acrylamide) [30-32].  They used 12 to 59 DP of acrylamide molecules 
with the range for 300 to 390 water molecules. 
 Recently, Jang et al. have also applied full-atomistic simulations to hydrogel 
systems made of poly(ethylene glycol) and poly(acrylic acid) double network to 
investigate its structure and mechanical properties [33, 34].  They built a three-
dimensional nanostructured interpenetrating network of poly(ethylene glycol) and 
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poly(acrylic acid) in presence of water molecules to study what kind of network structure 
can achieve the excellent mechanical strength for replacing human cornea.   
 The knowledge from these studies can be used to determine the structure-property 
relationships that will be valuable in developing novel hydrogels.  However, as I 
mentioned before, there are only a limited number of systematic investigation available.  
Thus, it is critical to study the equilibrated structure, mechanical properties, and transport 
properties of hydrogels with various water contents or small guest molecules such as 
nutritious molecules or anti-cancer drugs.  Among various hydrogels, we are particularly 
interested on poly(N-vinyl-2-pyrrolidone-co-2-hydroxyethyl methacrylate) hydrogel and 
poly(N-isopropylacrylamide) hydrogel as shown in Figure 1.2: 
Monomeric sequence effect on poly(N-vinyl-2-pyrrolidone-co-2-hydroxyethyl 
methacrylate) hydrogel 
 Poly(2-hydroxyethyl methacrylate) (PHEMA) is one of the most important 
synthetic hydrogels; it has been extensively developed in biomedical applications [35] 
due to its non-toxicity, hydrophilicity, biocompatibility, thermal stability, inertness 
toward many chemicals, high resistance to degradation, and adequate mechanical strength 
[36-46].  In addition, PHEMA can be easily polymerized and cross-linked for the 





Figure 1.2: Chemical structures of (a) poly(N-vinyl-2-pyrrolidone-co-2-hydroxyethyl 
methacrylate), x and y indicate the units of N-vinyl-2-pyrrolidone and 2-hydroxyethyl 







suitable materials for controlled drug release systems [44, 45, 49-69] and for other 
biomedical and pharmaceutical applications, such as post-surgical reconstruction [70, 71], 
artificial skin [72, 73], wound dressing [51, 74-77], ocular biomaterials [78-82], enzyme 
immobilization [41-43, 83], cell culture [84-89], microcapsules [90], and biosensors [41].   
 HEMA monomers can be copolymerized with a wide range of other monomers to 
manipulate their properties.  Copolymerization provides an excellent way to control 
physical properties, such as hydrophilicity, solubility, and mechanical strength.  Of the 
various monomers, we are specifically interested in the copolymerized hydrogels of N-
vinyl-2-pyrrolidone (VP) and HEMA because poly(N-vinyl-2-pyrrolidone-co-2-
hydroxyethyl methacrylate) (P(VP-co-HEMA)) is a well-known, biocompatible hydrogel 
with a broad range of applications in the biomedical field [91-93] .  Although poly(N-
vinyl-2-pyrrolidone) (PVP) has also been individually used in biomedical and 
pharmaceutical applications, such as blood volume expanders [94], drug binders [95], 
vitreous substitutes [46, 96-100], DNA isolation [101], and even cosmetic and food 
additives [95] due to its exceptional solubility in water, inertness, non-toxicity, and 
biocompatibility [96, 102], PVP has a very limited applicability due to its poor 
mechanical properties [103].  Because PHEMA is known to have better mechanical 
properties than PVP, but less swelling, mechanical strength of PVP can be enhanced by 
copolymerization with PHEMA.  Additionally, the overall properties of P(VP-co-HEMA) 
can be controlled for particular applications with various VP:HEMA compositions [103-
106].  Thus, the composition of the copolymeric system determines the swelling behavior 
and the mechanical strength [107], and this composition can be changed to obtain suitable 
devices for particular applications [58, 108].  Moreover, P(VP-co-HEMA) hydrogels are 
some of the major synthetic polymers that are approved by federal agencies, including the 
U.S. Food and Drug Administration (FDA) [109], for medical and pharmaceutical 
applications.  Thus, P(VP-co-HEMA) has been extensively investigated in biomedical 
and pharmaceutical applications, such as implants for bone substitutes [110] and bone 
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tissue regeneration [111], controlled drug delivery [58, 103, 104, 112-119], enzyme 
immobilization [120-122], contact lenses [123, 124], and tissue expanders for 
reconstructive plastic surgery [125-138].  
 The water content of a hydrogel can be described as a percentage of the weight of 
water: water content (%) = (weight of water/(weight of water + weight of dry gel)) × 100 
[139].  The water content of hydrogels plays an important role in the use of hydrogels in 
biomedical applications, because it affects the solute diffusion and the optical and 
mechanical properties of the hydrogels.  In general, the low water content of the hydrogel 
ranged from 20 to 50%.  A hydrogel with over 90% water content is considered a super-
adsorbent hydrogel [139].  For instance, the U.S. Food and Drug Administration (FDA) 
classified the water content of the hydrogel contact lenses as low water content (>50%) 
and high water content (<50%).  The water content of the PHEMA hydrogel contact 
lenses is ~40% [2], and that of the VP-HEMA-based contact lenses is 40–70% [124, 139, 
140]. 
 The physical properties of a copolymer hydrogel system correspond to the 
distribution and length of monomer units in the copolymer chain [104, 141].  In other 
words, the physical properties can be regulated by the microstructural distribution of the 
sequences of the monomeric units along the copolymer chains, which depend mainly 
upon the initial composition of the reaction medium and the reactivity ratio of the 
monomers participating in the copolymerization reactions [142-144].  Different reactivity 
ratios of the participating monomers could also affect the formation of the microstructural 
distribution of the sequences of the monomeric units during the reaction.  In a limiting 
case, the formation of blocks of the monomer could be expected [145-148].   
The reactivity ratios (Equation 23) of VP and HEMA monomers have been well 
described by several experimental groups [141, 149-151]: 2.97 – 8.18 for HEMA and 
0.02 – 0.10 for VP.  Because the reactivity ratio of the VP and HEMA comonomeric pair 
is very different, the consumption of HEMA is faster than that of VP, which leads to 
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compositional heterogeneity in the copolymer chains [150] and a broad microstructural 
distribution [104].  Surprisingly, despite the intensive effort spent on the P(VP-co-HEMA) 
hydrogel, there has been no systematic study to understand the effect of the monomeric 
sequence on the properties of the hydrogel at a molecular level.  Therefore, our primary 
objective is to elucidate the effect of the monomeric sequence on the equilibrated 
structures (Chapter 3) and the mechanical (Chapter 4) and transport (Chapter 5) 
properties of P(VP-co-HEMA) hydrogel with various water contents. 
De-swelling mechanisms of poly(N-isopropylacrylamide) hydrogel 
 Secondly, poly(N-isopropylacrylamide), P(NIPAAm), is one of the most widely 
studied temperature-sensitive polymers.  Aqueous solutions of P(NIPAAm) exhibit a 
lower critical solution temperature (LCST) of approximately 305 K (32 C°) [152-155].  
Gels of P(NIPAAm) can swell at below the critical temperatures and collapse to form a 
separate phase above the critical temperature.  Due to the unique and novel characteristics 
of their thermal responses, P(NIPAAm) hydrogels have been extensively studied for 
pharmaceutical applications, such as drug delivery systems [156-169], detachment of 
cultured cells [170, 171], surface-properties control [172-181], concentrating dilute 
solutions [182], bioconjugation [183-185], solute separation [186], drug barrier 
membranes [187], tissue cultures [188], and nanocomposites [189, 190].  The volume 
phase transition behavior of P(NIPAAm) has been investigated by many research groups 
using various experimental tools, such as FT-IR spectroscopy [191-198], Raman 
spectroscopy [195, 199-202], laser light scattering [194], differential scanning 
calorimetry [191, 197, 203-206], temperature-jump apparatus [207-211], nuclear 
magnetic resonance [212, 213], and atomic force microscopy [214]. 
  It should be noted, however, there have been only a few systematic studies on the 
detailed mechanisms of the swelling/de-swelling of the P(NIPAAm) hydrogel at a 
molecular level that utilized full atomistic molecular dynamics simulation.  Tamai and 
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Tanaka carried out MD simulations for P(NIPAAm) hydrogel models to study polymer-
water interactions by analyzing the hydrogen bond structure and dynamics [26, 27, 215].  
The range for the degree of polymerization (DP) of the polymer chain is from 4 to 81, 
and the range for the number of water molecules is from 150 to 215 with 23, 44, and 75 
wt % water content.  They simulated a single chain of P(NIPAAm) in water at a 
temperature range of 200 – 400 K.  The distributions and dynamics of the hydrogen-
bonds, the translational diffusion of the water, and the orientational relaxation of the 
water were analyzed to investigate the properties of the water that are influenced by the 
surrounding polymer chains.  Tonsing et al. [216] simulated P(NIPAAm) hydrogel 
models at three different temperatures (285, 300 and 325 K) using 15 to 33 NIPAAm 
units with 2 to 4 cross-linkers and 227 to 317 water molecules.  The simulations were 
used for the analysis of the polymer-water structure and for the determination of the 
diffusion coefficients.  Longhi et al. [217] performed MD simulation with 50 units of 
NIPAAm at 300 and 310 K.  They found that the equilibrated chain configurations have a 
more compact conformation at 310 K than they do at 300 K.  Correspondingly, the 
number of water molecules within the first hydration shell is smaller (~6%) at 310 K than 
it is at 300 K.  Recently, Gangemi et al. [218] performed MD simulations on a single 
NIPAAm chain (26 units) with 3560 water molecules to study the mechanisms of LCST 
at 302 K and 315 K.  They also showed that at 315 K, the NIPAAm chain assumes a 
compact form, while it maintains a more extended form at 302 K.  They found that the 
formation of intramolecular hydrogen bonds and water-bridges between distant units of 
the solute play an important role in this transition.   
One major disadvantage of these studies is that only a single chain of NIPAAm 
was considered for the investigation.  For a more realistic model, we must build a new 
P(NIPAAm) hydrogel model to investigate the polymer-water interaction and the 
intermolecular polymer-polymer interaction in the model structure.  Therefore, the 
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development of protocols to build a sound P(NIPAAm) hydrogel model is one of our 
primary goals in this investigation. 
 Thus, in our study, we simulated temperature-dependent volumetric changes of 
P(NIPAAm) hydrogel at the atomic level to pursue the fundamental understanding of the 
interaction between P(NIPAAm) and water molecules using newly developed models.  
We expect that the building protocols, the analyzing methodologies, and the 
understanding of such water-polymer interactions can be extended to other polymeric 
hydrogels, which will contribute to developing new polymer hydrogels with finely tuned 
characteristics.   
 
Objectives  
 The focus of this research is to understand the structure-property relationships of 
hydrogels using MD simulations with the goal of creating new material design guidelines 
for the construction of fine-tuned nanostructured hydrogel systems.  Pursuing these 
objectives, full-atomistic MD simulations have been employed to provide a fundamental 
understanding of the effect of the monomeric sequence on the equilibrated structure 
(Chapter 3), mechanical properties (Chapter 4), and transport properties (Chapter 5) of 
poly(N-vinyl-2-pyrrolidone-co-2-hydroxyethyl methacrylate) (P(VP-co-HEMA)) 
hydrogels at various water contents (0, 20, 40 and 80 wt %).  The detailed research 
objectives are as follow: 
 
1. To characterize the role of water molecules in determining the equilibrated structures 
(Chapter 3);  
2. To investigate the effect of structural variables, such as the monomeric sequence, on 
the mechanical properties (Chapter 4); 
3. To investigate the effect of water molecules on the mechanical properties (Chapter 4); 
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4. To investigate the effect of structural variables, such as the monomeric sequence, on 
the transport properties of guest molecules (Chapter 5); 
 5. To investigate the effect of water content on the transport properties of guest 
molecules (Chapter 5). 
 
 The hydrogel should meet various requirements depending on the detailed 
purposes of the individual application; therefore, research into the abovementioned 
objectives will shed light on the deformation mechanism of hydrogels at the molecular 
level.  The investigation of the transport properties of P(VP-co-HEMA) hydrogels with 
respect to nutritious molecules and drug molecules will provide important knowledge to 
develop artificial materials for bio-applications, such as tissue engineering and drug 
delivery.   
 In Chapter 6, we study the temperature-dependent volumetric change of poly(N-
isopropylacrylamide), P(NIPAAm), hydrogel to elucidate the interaction between 
P(NIPAAm) and water molecules at the atomic level.  The detailed molecular mechanism 
between the water molecules and the NIPAAm chains as a function of temperature is 
described in Chapter 6.  The detailed research objectives are as follow: 
 
6. To develop modeling protocols to build a reasonable P(NIPAAm) hydrogel system to 
investigate temperature-dependent volumetric change behavior (Chapter 6); 
7. To investigate the interaction and the mechanisms between the water-polymer chains 
of the temperature-sensitive P(NIPAAm) hydrogel (Chapter 6); 
8. To investigate the exact molecular de-swelling mechanisms of the hydrogel as a 
function of temperature (Chapter 6).  
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CHAPTER 2: COMPUTATIONAL BACKGROUNDS 
 
Force Field 
Force field plays one of the most important roles for MD simulations.  It contains 
the main set of parameters (approximations) used to represent the molecular system 
examined.  Once a find quality force field is prepared for a system, the application of 
classical physical principle is enough to derive high quality information about the system.  
Since many researchers put their significant efforts to develop high quality force fields, 
accurate force fields are available for many organic, inorganic and biological systems.  
For instance, DREIDING [219] or UFF [220] is well known generic force field and 
CHARMM [221] or AMBER [222, 223] is well developed force field to describe 
biological systems.   
The total energy is expressed by force field for a molecular system as a sum of 
valance (or bonded) interactions and nonbonded interactions (Equation 1). 
 
  nonbondvalenceTotal EEE       (1)  
 
The valence interactions can be broken down into bond stretch, bond angle 
bending, dihedral angle torsion, and inversion term (Equation 2). 
 
inversiontorsionanglebondvalence EEEEE   (2) 
 
The first valence term in a force field is a bond stretch term.  The simplest bond 
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where R is the bond distance in units of Å, R0 is the equilibrium bond distance in units of 
Å and Kb is the force constant in units of (kcal/mol)/Å
2.  In harmonic bond potential, the 
bond is considered like a spring with an equilibrium bond length of R0 and spring 
constant of Kb.  This expression is very economical to compute and most commonly used 
in all standard force field.  For distance R = ∞, like breaking a chemical bond, a Morse 
potential (Equation 4) for bonding is used for systems where a covalent bond is allowed 
to break.   
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where D0 is the bond energy in units of kcal/mol and α is the Morse scaling parameter.  
R0 and Kb are same term from harmonic bond potential.  This Morse scaling parameter 
allows the bond energy to go to zero for large R.  
 The second valence term in a force field is a bond angle bend.  Given any two 
bonds to an atom, the bond angle interaction is a function of the angle θ between them as 
shown in Figure 2.1.  




1   KEa      (5) 
 
where θ is the bond angle, θ0 is the equilibrium bond angle and Kθ is the force constant in 
units of (kcal/mol)/Å2.  For an accurate description of the three-body terms which 
required for good vibrational frequencies, bond angle term can also include angle-stretch 
term (Equation 6). 
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where R1 and R2 is the distance between atom i, j and j, k in units of Å, respectively; R10 
and R20 is the equilibrium distance between atom i, j and j, k in units of Å, respectively; 




Figure 2.1: Scheme of bond angle bend 
 
 
 The third valence term in a force field is a dihedral angle torsion term. Given any 
two bonds ij and kl attached to a bond jk, the dihedral angle φ is defined as the angle 
between the ijk plane and the jkl plane as shown in Figure 2.2. 
 
 
Figure 2.2: Scheme of torsion angle 
 
 























   (7) 
 
where each Kθ,n is one half the rotational barrier in unit of kcal/mol, n=1,2,3,4,5,6 is the 
periodicity (p) of the potential and d = ±1 is the phase factor.  For d = +1, the cis 
conformation is the minimum while for d = -1 the cis conformation is the maximum. 
 The last valence term in a force field is inversion term.  Given an atom i having 
three distinct bonds ij, ik, and il, the force field may contain terms affecting the energy 
involved in planarizing the center atom I as shown in Figure 2.3.   
 
 
Figure 2.3: Scheme of inversion 
 
 





1   CE , 0
2sin  CK     (8) 
 
where Kω is the force constant in unit of kcal/mol and ω is the angle between the il axis 







 The nonbonded interactions consist of electrostatic, van der Waals and hydrogen 
bond term (Equation 9). 
 
hbondvdWticelectrostanonbond EEEE     (9) 
 
 The first nonbonded term in a force field is electrostatic interaction.  The 
electrostatic interactions are important to describe the packing of organic molecules and 
in the structure of inorganic systems.  The total electrostatic interaction energy can be 
calculated by evaluating the Columbic interaction between each pair of atoms in the 









    (10) 
 
where C0 = 332.0637 is the conversion factor to take care of the units, giving Eelectrostatic in 
kcal/mol, qi and qj are the charges (in electron units), ε is the dielectric constant (ε = 1 for 
a vacuum), rij is the distance between atom i and j in unit of Å. 
 The second nonbonded term in a force field is van der Waals interactions.  The 
van der Waals interaction also plays fundamental role in structural biology, surface 
science, nanotechnology, polymer science, and condensed matter physics.  The van der 
Waals energy contains the attractive and repulsive force between molecules.  The most 
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where D0 is well depth and R0 is an equilibrium distance in unit of Å.  The main 
drawback of this form is that it required only two parameters, D0 and R0.  For R is less 
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than R0, the Lennard-Jones 12-6 potential may be too repulsive at short ranges.  To have 
a more reasonable form, the exponential-6 potential (Equation 12) and Morse potential 
(Equation 13) allows three parameters to describe the inner wall (short ranges) more 
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R    (13)   
 
 The last nonbonded term in a force field is hydrogen bond.  Some force fields 
such as CHARMM and DREIDING use a hydrogen bond potential to describe the 
interactions between atoms involved in hydrogen bonds.   The general form of hydrogen 
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where D0 is the hydrogen bond strength in kcal/mol and R0 is an equilibrium distance in 
unit of Å. 
 
Molecular Dynamics Simulation 
 Molecules in the real world are constantly fluctuating and changing its 
conformation to respond to external environment.  Molecular dynamics (MD) simulations 
allow studying these moving molecules by time-dependent processes.   
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Equations of motion 
MD simulations consist of the numerical solution of classical equations of motion 
to determine the positions and velocities of atoms at finite temperatures.  At given 
temperature, initial velocity of a particle is usually determined by a random distribution 
(Maxwell-Boltzmann distribution).  Once an initial velocity is determined, it is updated 
using the calculated accelerations.  MD techniques usually use Cartesian coordinates, 
resulting in 3N degrees of freedom from N particles in the system.  Thus, the forces, 
velocities, and accelerations are independently obtained to a specific particle for each 







  (15) 
 
where V is potential energy and x is the coordination information in x direction. 
 Newton’s equation of motion (Equation 16) id used to determine the accelerations 
 
xi Fxm    (16) 
 
where mi is the mass of particle i. 
Verlet Algorithm 
 Since we have computed all forces between the particles, we can update velocities 
from the accelerations by integrating Newton’s equation of motion.  Many numerical 
algorithms have been developed for integrating Newton’s equation of motion, such as 
Verlet algorithm [224], leap-frog algorithm [225, 226], and velocity-Verlet algorithm 
[227].  Verlet [224] initially used method of integrating the equations of motion using 
Taylor series expansion which uses the positions r(t), accelerations a(t), and the previous 
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positions r(t-δt) to predict new positions r(t+δt).  Modifications to the basic Verlet 
algorithm have been proposed by Hockney and Potter [225, 226].  In this scheme, so-
called a leap frog scheme, the current position r(t) and accelerations a(t) with the mid-
step velocities v(t-(δt/2)) were used to obtain the next mid-step velocities v(t+(δt/2)).  The 
velocities leap over the positions and the positions leap over the velocities.  Swope et al. 
introduced the velocity-Verlet algorithm, because both the basic Verlet and leap frog 
algorithms do not describe the velocities in a satisfactory manner.  The velocity-Verlet 
algorithm needs to store positions, accelerations, and velocities at the same time to 
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The new position at time t+δ(t) are calculated using Equation 17 and 18, and the 
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The forces and accelerations at time t+δ(t) are then calculated, and the velocity move is 
















Ensemble is assembly of all possible microstates, defined by given constraints.  
For example, a simple way to create a thermodynamic ensemble is to maintain a constant 
total energy, volume, and number of particles in a system to produce a microcanonical 
(NVE) ensemble of conformations.  In the same way, canonical (NVT) ensemble 
assembly of all states with fixed number of particles, volume, and temperature and 
isobaric-isothermal (NPT) ensemble fixed number of particles, pressure, and temperature.  
Once ensemble is formed, relative free energies, average densities, and other 
thermodynamic properties can be calculated. 
Energy Minimization 
 Energy minimization is typically performed by perturbing atoms in order to 
reduce the net force applied to atoms by the force field potentials.  Since a minimized 
structure usually has a well-mannered geometry and rarely has large forces on any atom, 
it is preferred to start a molecular dynamics simulation with a minimized structure.  
 Energy minimization can be carried out in Cartesian coordinates by optimizing in 
3N-dimensional space where N is the number of particles in the system.  The path chosen 





   (21) 
 
 
Each Cartesian component, x, of the gradient is the derivative of the potential 
energy of the force field with respect to that component.   
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In our study, we are particularly interested in the poly(N-vinyl-2-pyrrolidone-co-
2-hydroxyethyl methacrylate) (P(VP-co-HEMA)), which is a network copolymer 
composed of various compositions of N-vinyl-2-pyrrolidone (VP) and 2-hydroxyethyl 
methacrylate (HEMA) monomers as shown in Figure 3.1.  Poly(N-vinyl-2-pyrrolidone) 
(PVP) and poly(2-hydroxyethyl methacrylate) (PHEMA) homopolymers have 
individually been used as biomedical materials for artificial skin [72, 73], drug release 








Figure 3.1: Chemical structures of (a) VP; (b) HEMA; and (c) P(VP-co-HEMA) 
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P(VP-co-HEMA) provides a way to control the properties of interest since PVP is more 
hydrophilic and therefore swells the most, but PHEMA has a higher mechanical strength 
[46, 103, 105, 110, 228].  Thus, the hydrophilicity and swelling behavior of P(VP-co-
HEMA) hydrogel can be controlled as a function of VP:HEMA composition at various 
temperatures and pH conditions [46, 103-106, 111, 115, 116, 141, 149, 229].  
Surprisingly, despite all these intensive efforts on the P(VP-co-HEMA) hydrogel, there 
has been no systematic study and therefore understanding on the properties of the P(VP-
co-HEMA) hydrogel at a molecular level.  Thus, in this study, we describe the use of full-
atomistic MD simulations, to determine the equilibrated structure of P(VP-co-HEMA) 
hydrogels at various water contents (0, 20, 40 and 80 wt %).  Our primary objective in 
this simulation study is to model the equilibrium structures of P(VP-co-HEMA) 
hydrogels at various water contents, and to elucidate the role of water molecules in 
determining the equilibrated structures. 
 
Models and Simulation Details 
Model Constructions 
Many factors in the molecular architecture can be explored, but we focus herein 
on the monomeric sequence effect on the equilibrium structure of P(VP-co-HEMA) using 
full-atomistic MD simulations.  
Monomeric Sequence of P(VP-co-HEMA) 
All simulations were performed using full atomistic models.  Figure 3.2 (a) and (b) 
show two types of model P(VP-co-HEMA) chains used in our simulations.  While the 
model chains have the same degree of polymerization (DP=50) and the same composition 
(VP:HEMA=37:13), our interest here is to determine how the monomeric sequence 




Figure 3.2: The scheme of the preparation of  P(VP-co-HEMA) hydrogel; (a) single 
chain of the blocky sequence with DP=50; (b) single chain of the random sequence 
with DP=50; (c)  N,N´-methylenebisacrylamide (cross-linker); (d) configuration of 














was chosen to match that used experimentally [230].  The monomer sequences in our 
model P(VP-co-HEMA) chain are intentionally designed to have either a blocky 
sequence with 0.104 of the degree of randomness  (DR) where the HEMA monomers are 
gathered at one chain end (Figure 3.2 (a)), a random sequence with 1.170 of DR, so that 
HEMA monomers are randomly distributed along the chain (Figure 3.2 (b)).  Here the 
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where AL and BL  are the average number of subsequent monomers within one block for 
monomeric species A and B, respectively.  From this definition, we notice that the value 
of DR is 0, 1, and 2 for the case of homopolymers, random copolymer, and alternating 
copolymer, respectively.   
  According to the experimental condition of synthesis, UV-initiated free radical 
polymerization was used for synthesis [46, 103-106, 111, 115, 116, 141, 149, 229, 230].  
As a results, the monomeric sequence is determined by the reactivity ratio [142].  Thus, it 
is possible to statistically predict the monomeric sequence of copolymer as a function of 
comonomer feed ratio.  If VP and HEMA are denoted as monomers 1 and 2, respectively, 
the monomer reactivity ratios are defined as 
 
r1 = k11/k12 and r2 = k22/k21   (23) 
 
where k11 and k22 are the rate constant that a polymer chain with a certain type of 
terminal monomer attacks the same type of monomer for polymerization, and k12 and k21 
are the rate constant that a polymer chain with a certain type of terminal monomer attacks 
another type of monomer (comonomer).  The reactivity ratios of the VP and HEMA 
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comonomer pair was reported by several groups: rHEMA = 2.97 – 3.40 and rVP = 0.02 – 
0.09 (in ethanol, Al-Issa et al. [150]); rHEMA = 4.35 – 4.50 and rVP = 0.02 – 0.06 (in 
methanol, Reddy et al. [151]); rHEMA = 6.77 – 7.97 and rVP = 0.017 – 0.077 (in 
water/ethanol, Gallardo et al. [141]).  Most recently Faragalla et al. [149] determined 
rHEMA = 8.18 and rVP = 0.097 using the bulk copolymerization of the VP and HEMA 
system.  However, it should also be pointed out that in order to satisfy the statistical 
nature of the reactivity ratio describing the monomeric sequence, the molecular weight 
needs to be sufficiently large (DP > ~1000).  Considering the DP of our model chain is 50 
which might be too small to meet true statistical requirements, consequently we 
intentionally designed the monomeric sequence to have two extremes (random and 
blocky sequences).  It is assumed that the realistic sequence would lie somewhere 
between these two extremes.  
Establishing the Polymeric Network 
 The three-dimensional network structure is constructed from the random or 
blocky copolymer chains using a cross linker, N,N´-methylenebisacrylamide (MBA) 
(Figure 3.2 (c)).  To simplify the model, the MBA molecules are located at end of each 
P(VP-co-HEMA) chain (Figure 3.2 (d)), with all the chains arranged so that they 
participate in the network structure through periodic boundary conditions as shown in 
Figure 3.2 (e).  Although experimental samples potentially have structural variations such 
as free dangling chain ends and self-looping [230], we assumed a perfect model network 
structure leaving no free dangling chain ends or self-loops.  Here, it should be noticed 
that the topology of our model network is purely theoretical in terms of the number of 
chain ends at the cross-linking junction.  Although the usual number of junctions in 
experiments involves 3~4 chain ends, we deliberately chose the current junction 
connecting 6 chain ends to build a three-dimensional grid structure, which was used in 
the previous study by Jang, et al [33, 34].  This is supposed to have an identical 
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equilibrated behavior along each axis direction.  Once the polymer network system was 
constructed, water molecules are added to hydrate the system to a water content 
equivalent to 20, 40, and 80 wt %.  The characteristics of the hydrogels are described in 
Table 3.1.  
 
Table 3.1: Characteristics of the hydrogels from 5 ns of NPT MD Simulations 
a  The values are obtained from the 8 times larger systems. 
 
Model Equilibration 
It should be emphasized that generally the initial structures prepared by molecular 
mechanics (energy minimization) have highly strained local configurations with unstable 
Monomeric sequence Random Blocky 
Number of monomer 
per chain VP=37 and HEMA=13 VP=37 and HEMA=13 







Degree of randomness 1.17 0.10 
Water content 0 wt % 20 wt %  40 wt % 80 wt % 0 wt %   20 wt %  40 wt % 80 wt % 
Density at 300K 
(g/cm3) 
0.97  
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energies.  However, the time scales for relaxation of polymers are very slow for standard 
equilibrium MD simulations to evolve to the equilibrium state.  In order to obtain well 
equilibrated structures for complex amorphous polymers with a minimum of effort, we 
applied an annealing procedure that accelerates the equilibration by driving the system 
repeatedly through sequential thermal (between 300 and 600 K) and pressure (between 
densities of 0.5 to 1.1 times the expected density) annealing cycles.  This procedure aims 
to help the system quickly escape from various local minima and thereby efficiently 
reach an equilibrated structure.   
The steps in the annealing procedure are summarized below: 
a. Starting from the initial structure, gradually expand the initial cell by 100 % over a 
period of 30 ps while the temperature is simultaneously increased from 300 K to 
600 K.   
b. Equilibrate at 600 K for 30 ps at a half density of the original target density (= 
0.50,  0 = 1.1 g/cm3) using NVT MD.   
c. Gradually compress the system back to the original target density over 30 ps while 
cooling the temperature down to the target temperature (T=300 K).  
d. Repeat steps a to c four times.   
e. At the original target density, we equilibrate for 100 ps NVT MD at 300K 
f. Finalize the equilibration by running a NPT MD for 10 ns at 1 atm and 300 K.  
During this step, the density of the system is optimized by changing the simulation cell 
parameters.  
This annealing equilibration procedure has been used successfully in the studies 
of polymer membrane for fuel cell [231-233] to achieve equilibrated systems at the target 
temperature and pressure.  After completing the building and equilibration steps 
described above, data collection from all the systems were obtained by running a 5 ns 
NPT MD simulation.   
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Force Field and MD Parameters 
In this investigation, we employed the generic DREIDING force field [219], 
which has been well tested in various organic systems, such as polymer electrolyte 
membranes [231-234], the self-assemblies of organic molecules [235-237] and hydrogels  
[33, 34].  The F3C force field [238] is also used to describe water molecules in the 
hydrogel systems.  Although various water models, such as SPC and TIP3P, produce high 
quality simulations for water and hydrated macromolecules, we think that the undeniable 
advantage of the F3C water model is it can be easily combined with any full atomistic 
models in classical MD simulations because of its fully flexible nature.  Indeed, we have 
used the F3C water model successfully in various studies of hydrogels [33, 34] and 
hydrated polymer electrolyte membranes for fuel cells [231-234].  Thus, the total 
potential energy is given as follows: 
  
inversiontorsionanglebondicelectostatvdWtotal EEEEEEE     (24) 
  
 
where Etotal, EvdW, Eelectrostatic, Ebond, Eangle, Etorsion and Einversion are the energies for the total, 
van der Waals, electrostatic, bond stretching, angle bending, torsion and inversion 
components, respectively.  The details of the force field parameters have already been 
described [219, 238].  For MD simulations, the velocity-Verlet algorithm [227] method 
was used to integrate the equations of motion with a time step of 1.0 fs.  A Nose-Hoover 
thermostat [239-241] and Andersen-Hoover barostat [239, 242] were used with a 
damping relaxation time of 0.1 ps and a dimensionless cell mass factor of 1.0, 
respectively.  During simulation, all of the valence parameters were fully unconstrained.  
The time interval between samplings was 5 ps.  The atomic charges of the polymers were 
assigned using the charge equilibration (QEq) method [243], and the atomic charges of 
water molecules were the outputs of the F3C water model [238].  The Lennard-Jones (LJ) 
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potential was smoothly shifted to zero between 1.2 and 1.5 nm.  A Particle-Particle 
Particle-Mesh (PPPM) method [244] is used to calculate the electrostatic interactions.  
The MD simulation code used in this study is the Large-scale Atomic/Molecular 
Massively Parallel Simulator (LAMMPS) MD simulator that was developed by S. 
Plimpton at Sandia National Laboratories [245, 246]. 
 
Results and Discussion 
Equilibrated Structure  
The snapshots of the equilibrated structures resulting from the final 5 ns NPT MD 
simulations are shown in Figure 3.3.  The spatial distribution of the VP (blue) and HEMA 
(yellow) monomers as well as the MBA (green) and water molecules can be seen.  The 
differences in the random and blocky hydrogels are clearly observed. 
  
(a) Random (0 wt %) (b) Blocky (0 wt %) 
  
(c) Random (20 wt %) (d) Blocky (20 wt %) 
Figure 3.3: (Continued on next page.) 
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(e) Random (40 wt %) (f) Blocky (40 wt %) 
  
(g) Random (80 wt %) (h) Blocky (80 wt %) 
 
Figure 3.3: Equilibrated random sequence P(VP-co-HEMA) networks with (a) 0 
wt % of water content; (c) 20 wt % of water content; (e) 40 wt % of water content; 
(g) 80 wt % of water content, and equilibrated blocky sequence P(VP-co-HEMA) 
networks with (b) 0 wt % of water content; (d) 20 wt % of water content; (f) 40 
wt % of water content; (h) 80 wt % of water content. Blue, yellow, and green color 
denote VP, HEMA, and MBA, respectively. The oxygen of water molecule is 
represented by red color. The ball size of water molecules with 80 wt % water 
content is reduced for clarity.  
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In Figure 3.4, it was observed that the density depends on the monomeric 
sequence at low water content (0 and 20 wt %), with the random sequence showing a 
~6.3% higher density than the blocky sequence.  We think that this is mainly because of 
the steric interaction between the bulky branches in HEMA is relatively more significant 
in blocky sequences due to the spatial proximity of the branches in a block.  The blocky 
sequence therefore can have a more expanded chain conformation compared to the 
random sequence.  
To investigate this density difference further, a 5 ns MD simulation was run for a 
single isolated P(VP-co-HEMA) chain in vacuum for each monomeric sequence.  Each 
simulated single chain has the same degree of polymerization (DP=50) and the same 
composition (VP:HEMA=37:13) as shown in Figure 3.2 (a) and (b).  It was found that the 
root-mean-square radius of gyration of a single P(VP-co-HEMA) chain is 10.92±0.33 Å 
for the random and 12.03±0.08 Å for the blocky sequences, indicating that the blocky 
sequence chains have a larger dimension than the random sequence by ~10 %.  This can 
be understood by considering steric interactions between the bulky branches made up 
from large blocks of HEMA (Figure 3.2 (a)), which makes the blocky sequence P(VP-co-
HEMA) chains more expanded than those with random sequences.  Therefore, the 
sequence-dependent chain dimension would be a reason for the density difference 
between the two monomeric sequences.  
However, with increasing water content, this density difference between random 
and blocky sequence decreases and eventually the densities of both sequence become 
identical at 80 wt % water content because the copolymer chains are similarly expanded 
when highly solvated by water molecules.  The details regarding the solvation of polymer 
by water are discussed in the next section. 
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Distribution of water molecules 
Experimental studies using small-angle neutron scattering of in-situ swelling of 
PVP-co-PMMA hydrogels have shown that the distribution of water in the early stages of 
swelling are non-uniform in the hydrated regions [126].  This is thought to be due a non-
uniform distribution of the two monomers, which have different hydrophilicity.   
The water structures in the hydrogels are analyzed by the pair correlation function 
(PCF),  rg BA  which is the probability density of finding atoms A and B at a distance r 
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Figure 3.4: Change of density as a function of water content 
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where Bn  is the number of B particles located at a distance r in a shell of thickness dr  
from on A particle, NB is the number of B particles in the system, and V  is the total 
volume of the system.  Using this pair correlation function, it is possible to determine 




Figure 3.5: The concept of the pair correlation function; the change of ρg(r) as a 
function of the distance between oxygen and other atoms from our simulations. 
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Pair Correlation Functions of Polymer-Water Molecules 
As shown in Figure 3.5,  rg )water(O)VP(N  ,  rg )water(O)HEMA(C  ,  rg waterOHEMAO )()(   
and  rg )water(O)water(O   are defined by the N (VP) – O (water), C (HEMA) – O (water), O 
(HEMA) – O (water) and O (water) – O (water) pairs, respectively. In order to directly 
compare intensities, the product of the pair correlation and the number density (  rg  ) is 
used instead of  rg .  The  rg )water(O)VP(N  ,  rg )water(O)HEMA(C   and 
 rg waterOHEMAO )()(   as a function of water content (see Figure 3.6) show that the intensity 
of  rg  increases with increasing water content.   
This occurs because the monomer units in the polymer chains are surrounded by 
increasing amounts of water molecules as the water content increases.  This is 
quantitatively evaluated from the water coordination number of the monomer, CN, which 
is the average number of water molecules in the first solvation shell surrounding each 
monomer.  As shown in Table 3.2, the water CNs for N (VP) is larger than these for C 
(HEMA) and O (HEMA), by 2.3 ~ 2.9 times and 1.3 ~ 2.2 times, respectively, indicating 
that the VP is more hydrophilic than the HEMA.  These results are entirely consistent 
with experimental results [46, 103, 105, 110, 228] which have also shown the increased 



















Figure 3.6: Pair correlation function of the N (VP) – O (water) pair, the C (HEMA) 
– O (water) and the O (HEMA) – O(water) with various water contents:  
(a) 20 wt %; (b) 40 wt %; (c) 80 wt %. 
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Table 3.2: Water coordination number (CN) from X – O (water) pair 
 
X 
Water content (wt %) 
20 40 80 
NVP (random) 2.13 (2.12)
 a 3.35 4.21 
NVP (blocky) 1.74 (1.74)
 a 3.28 4.14 
CHEMA (random) 0.93 (0.96)
 a 1.26 1.65 
CHEMA (blocky) 0.61 (0.63)
 a 1.24 1.52 
OHEMA (random) 1.47 (1.43)
 a 1.72 1.95 
OHEMA (blocky) 1.31 (1.32)
 a 1.69 1.91 
Owater (random) 2.42 (2.42)
 a 3.37 4.19 
Owater (blocky) 2.62 (2.62)
 a 3.37 4.20 
Bulk Water 4.50 (exp.) b, 4.59 (simul.) c  
a  The values are obtained from the 8 times larger systems. 
b  The values are from references. [247, 248]  
c  The values are from reference.  [232]  
 
 
Solvation Free Energies of VP and HEMA 
To quantify the differences in hydrophilicity between the VP and the HEMA 
moieties, the water solvation free energies were calculated using the Poisson-Boltzmann 
self-consistent reaction field model [249-251] with Jaguar quantum chemical software 
[252].  The solvation free energy is defined as the energy required to move a specific 
molecule in vacuum into a specific solvent medium [253].  The elements in the solvation 
free energy are shown in the following equation [254]: 
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cavdispelesol GGGG     (26) 
 
where ΔGele is the electrostatic solvation free energy; ΔGdisp, the dispersive solvation free 
energy; and ΔGcav, the cavity formation free energy of the solute in the solvent.   
 First, long-range electrostatic forces play a dominant role in molecular 
interactions.  When a solute is immersed in a solvent, the charge distribution of the solute 
interacts with that of the solvent.  The charge of the solute polarizes the solvent.  In a 
continuum model, the charge distribution of the solvent is represented by a continuous 
electric field as a layer of charges at the solute surface rather than by an explicit solvent 
model.  This field is typically called the reaction field, and it is determined by 
numerically solving the Poisson-Boltzmann (PB) equation in the regions of space 
occupied by the solute.  The reaction field acts back on the solute, which in turn changes 
the electric field on the solute.  This process is iterated until self-consistency is achieved.  
The Poisson equation describes the electrostatic potential between the charge of the 
solute and the continuum dielectric solvent as follows: 
 
)(4)]()([ rrr       (27) 
 
where ε(r) is the dielectric constant at position r; Φ(r), the electrostatic potential at 
position r; and ρ(r), the charge density of the solute at position r.  When the solute is 
dissolved, the distribution of the mobile electrolytes in the solvent is given by the 
















  (28) 
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where  is the Debye-Huckel parameter; ec, the absolute charge of the electrolyte ions; 
kB, Boltzmann’s constant; and T, the absolute temperature.  The Debye-Huckel parameter 













      (29) 
 
where NA is Avogadro’s number and I, the ionic strength.  The electrostatic solvation free 
energy, ΔGele, can be described by solving the PB equation in the solvent dielectric with 
















where qi is a set of point charges of the solute at positions ri.  The dispersive and cavity 














where A is the solvent accessible surface area (SASA) and σi, the surface tension 
parameter for an atom i of the solute.  The contributions from the dispersive and cavity 
effects are proportional to SASA. 
For the calculation conditions, we used the 6-31G** basis set, which is one of the 
most widely used Gaussian-type basis sets [255-260].  A basis set is a fixed finite set of 
mathematical functions from which the wave function is constructed.  With a 6-31G** 
level of basis set, the B3LYP exchange correlation functional was used to describe the 
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many-electron exchange and the correlation effects.  The B3LYP functional is the most 
popular and most widely used functional [261] and was suggested by P. J. Stephen et al., 
1994 [262].  The B3LYP functional with the 6-31G** basis set shows good performance 
in many chemistry fields [261], including the solvation of various molecules in water 
[263-268].  We also carried out the calculation using the M06 and M06-2X functionals 
[269] due to the lack of accuracy of the B3LYP functional to describe the dispersion-like 
interaction of organic molecules [270-277], organometallic catalytic systems [278, 279], 
and transition metals [280-283].  The M06 and M06-2X functionals were recently 
developed by D. G. Truhlar’s group at the University of Minnesota, and they give good 
performance for noncovalent interactions [284].  The calculated solvation free energies of 
the PVP and PHEMA unit are shown in Table 3.3. 
 
Table 3.3: Solvation free energy of PVP and PHEMA unit 
 
 
Solvation Free Energy (kcal/mol) 
B3LYP/6-31G** M06/6-31G** M06-2X/6-31G** 
VP -8.56 -8.84 -9.27 
HEMA -8.22 -8.64 -8.72 
 
A negative energy indicates that the solvation of the solute is favorable for that 
particular solvent [285, 286].  From these calculations, it was found that the solvation 
free energy of the PVP unit is lower (more favorable in water) than that of the PHEMA 
unit.  The M06-2X functional shows the lowest solvation free energy for both the PVP 
and the PHEMA unit, but we observed that the solvation free energy of the PVP unit was 
always lower than the PHEMA unit in any functional.  These QM computations of the 
water solvation free energies are consistent with the experimental observations [46, 103, 
105, 110, 228], which show that VP is more hydrophilic than HEMA.  
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Pair Correlation Functions of Water-Water Molecules 
The water CN for water molecules was also analyzed (Figure 3.7). From the 
previous simulation study [232] reporting that the water CN for the bulk water, 4.59 is in 
a good agreement with the experimental value, 4.50 [247, 248],  we think that the water 
molecules in the hydrogel system are described well in our simulation.  First, the water 
CN for water is also increased up to 4.2 as the water content increases, similar to the 
water CN for the monomers.  In addition, the water CN for water is larger in the blocky 
sequence hydrogel than in the random sequence although that difference reduces with 
increasing water content and are the same beyond 40 wt % water content. From Table 
3.2, it is noted that the water CN for N (VP), C (HEMA) and O (HEMA) is larger in the 
random sequence hydrogel than in the blocky sequence one, meaning that the monomers 
in the random sequence are more solvated by water compared to those in the blocky 
sequence.  From this result, therefore, it is inferred that the water structure is more 
disturbed in order to solvate the monomers in the random sequence hydrogel.   
Solvent Accessible Surface Area 
To understand this behavior, it is necessary to consider the packing of the 
monomers in the systems.  As the monomers in the blocky sequence are close together, it 
is possible that the monomers segregate together to form their own phase in which a 
certain number of monomers are buried inside the phase.  Those buried monomers do not 
provide accessible sites to the water molecules.  This explanation has been confirmed by 
checking the solvent accessible surface area (SASA) of the monomers.  The calculated 
SASA values for the VP and HEMA in the random sequence hydrogel are 8905 ± 45 Å2 
and 4557 ± 37 Å2, respectively, and 7590 ± 99 Å2 for VP and 3628 ± 32 Å2 for HEMA in 
the blocky sequence hydrogel, clearly indicating that both VP and HEMA segments have 













 Figure 3.7: Pair correlation function of the O (water) – O (water) pairs: (a) random 
monomeric sequence; (b) blocky monomeric sequence. 
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Finite Size Effect 
We performed independent simulations using 8 times larger systems with 20 wt % 
water content for the random and the blocky sequence in order to check the size effect on 
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40 wt % water
80 wt % water
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1.024 ± 0.003 for the random and the blocky sequence system, respectively.  The results 
are identical to those reported in Table 3.1 for the original models. We also investigated 
the local structures by analyzing the pair correlation function and the coordination 
number for the larger systems as summarized in Table 3.2, showing that the local 
structures within the hydrogels are not affected by the varied size in our study.  We think 
that this result support the validity of our simulations. 
 
Conclusions 
MD simulations were performed to study the effect of water content on the 
equilibrated structure of the poly(N-vinyl-2-pyrrolidone-co-2-hydroxyethyl methacrylate) 
(P(VP-co-HEMA)) hydrogels with two different monomeric sequences; a random 
sequence (DR=1.170) and a blocky sequence (DR=0.104).  By analyzing the pair 
correlation functions, it is found that VP has more hydrophilic character compared to the 
HEMA.  The water structure in the hydrogel also shows a consistent feature with the 
solvation of monomeric units: at low water content, relatively more water molecules 
participate in solvating monomeric units in the random sequence hydrogel than those in 
the blocky sequence hydrogel, and thereby the water CN for the water is smaller in the 
former than in the latter.  As the water content increases, however, such differences 









Among the many characteristics of hydrogels, we are interested in the mechanical 
properties which are macroscopic and easily measurable experimentally. The importance 
of such mechanical properties is particularly important in the use of hydrogels in the field 
of tissue engineering where the hydrogel should meet various requirements depending on 
the detailed purpose of individual application.  In this context, in order to achieve such 
specific requirements, the molecular simulations, can be used to characterize the effect of 
structural variables such as monomeric sequence and composition on the macroscopic 
properties of interest, and thereby establish the structure-property relationship for rational 
design of new hydrogels.  Implementation of mechanical deformation simulations has 
therefore been utilized in order to discover the relationship of molecular structure 
variables such as monomeric sequence of copolymer with mechanical properties.  
For the mechanical simulation of polymers, the use of a molecular mechanics 
technique such as the quasi-static method is advantageous in that the simulation requires 
less computing time relative to other simulation techniques, and therefore, the use of 
more complex and sophisticated potential functions for energy calculations is allowed.  
However, it is disadvantageous in that the chain conformation has a large probability of 
falling in local energy minima.  The entropic contribution in the deformation process of 
the polymers may play an important role and provide essential clues for understanding 
the origin of the deformation; however, it has not been focused on in molecular 
mechanics simulation techniques.  This is because the molecular mechanics simulation is 
carried out without considering any thermal motion of the atoms, which is normally 
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regarded as the 0 K condition in classical mechanics.  In contrast, the molecular dynamics 
simulation allows the chain conformation to change in the configurational space at real 
temperature.  In this study, we performed molecular dynamics simulations. 
Models and Simulation Details 
We adopted same models of P(VP-co-HEMA) from previous chapter to study the 
mechanical properties.  To assess the mechanical properties of the hydrogels, the 
hydrogels were deformed by uniaxial compression up to 80 % strain over a period of 2 ns 
at 300 K.  The scheme of initial and deformed structures for random and blocky sequence 
hydrogels are shown in Figure 4.1.  The deformation was performed by continuous 
application of strain of 4.0 × 10-5 % per simulation step (1 fs) uniformly across the 
simulation box by rescaling all atom coordinates to the new box dimensions.   
The stress ( xx ) was calculated from the uniaxial compression in the x-axis 












fr   (32) 
 
where V, ijx,r  and ijx ,f are the volume, the position vector between atom i and j (x 
component), and the force (x component) on the atom i exerted by j, respectively.  The 
engineering strain is also represented by following equation: 
0L
L
   (33)   
 
where L and 0L  are the deformed length and the original length of material, 
respectively.  The y- and z-axis directional compressions were also carried out 













Figure 4.1: Compression of hydrogels up to 80%: (a) random P(VP-co-HEMA) with 
20 wt % of water content; (b) blocky P(VP-co-HEMA) with 20 wt % of water 
content. We observed the same features from the compression of the 0, 40 and 80 








Results and Discussion 
Stress-Strain Curves 
The stress-strain curves obtained from our simulations are presented in Figure 4.2.  
 
Figure 4.2: Change of stress as a function of strain. 
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The stress levels in this investigation are unusually higher than the typical stresses of 1–
100 MPa for polymers observed in experiments [287].  This may be attributable to two 
factors.  One is that the model structure used in this simulation does not have any micro- 
and macro-structural defects, the presence of which affects the mechanical response of 
the polymers by orders of magnitude [288].  Another is the very high strain rate relative 
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performed up to 1-10 ns, the stresses are not sufficiently relaxed during the deformation 
process.  Thus, rather than comparing with experimental results, we attempted to 
compare the mechanical response of the systems under the same simulation condition.  
The stress was observed to decrease with increasing water content for both monomeric 
sequences.  We think that this is due to the water molecules acting to lubricate the 
segmental relaxation in the polymeric network of the P(VP-co-HEMA) hydrogels to help 
them respond the stress with respect to the imposed strain.  It should be noticed though 
that at low water content (< 40 wt %), the random sequence hydrogel exhibits a higher 
stress than the blocky sequence.  This behavior disappears at high water content.   
Pair Correlation Function during the Deformation 
To understand such stress relaxation of the hydrogel during the deformation, we 
analyzed the change of the pair correlation function between monomeric units, 
 rg VPNVPN )()(  ,  rg HEMACHEMAC )()(   and  rg HEMACVPN )()(   during compression.  For 
this, the 2ns MD simulation trajectory file was divided into four 500ps long trajectory 
files and then the pair correlation function was calculated from each divided section.  
Thus, information about the strain dependence in the four strain regime of 0 – 20 %, 20 – 
40 %, 40 – 60 %, and 60 – 80 %, were obtained.  
Figure 4.3 shows the evolution of  rg VPNVPN )()(  .  As the compression proceeds, 
the intensity in the first peak increases while the second peak intensity decreases.  We 
believe that the growth of the first peak is due to the enhancement of structural packing in 
the compression direction while the decrease of the second peak is due to the increasing 
dimension of the structure perpendicular to the compression direction.  This means that 
the polymer networks are undergoing dynamic rearrangement during compression.  For 
the structural relaxation, the VP monomers for both monomeric sequences are deformed 
regardless of the presence of water.  However as Figure 4.4 reveals, the behavior of 
 rg HEMACHEMAC )()(   does not seem to show any systematic change but remains similar, 
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meaning that the short range order between HEMA monomers is not significantly 
affected by the compressive deformation.  From these results from Figure 4.3 and Figure 
4.4, we think that VP monomers are more effectively relaxed with respect to the strain in 
comparison with the HEMA monomers.  A more significant relaxation of the VP in the 
blocky sequence hydrogel seems to be responsible for its lower stress level compared to 
that in the random sequence hydrogel although such differences are observed by the 
dominating contribution of water at high water content.  From Figure 4.5, the behavior of 
 rg HEMACVPN )()(   also shows the dynamic rearrangement of VP and HEMA within the 
blocky sequence at 60 -80 % strain for 0 and 20 wt % water content: the intensity of the 
peaks at about 3 to 6 Ǻ distance increases while the intensity at about 8 to 10 Ǻ distance 
decreases.  We think this is due to the structural relaxation of VP units as discussed for 
Figure 4.3, which is more distinct in the blocky sequence.  On the contrary, we do not see 
any significant systematic change from other blocky sequence with high water content 
(40 wt and 80 wt %) as well as the random sequence.  This agrees well with the stress-
strain curve (Figure 4.2), showing the difference in stress between the random and the 
blocky sequence hydrogel with the low water contents (0 and 20 wt %) at the strain 
regime of 60 -80 %. 
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Figure 4.3: Pair correlation function of the N (VP) – N (VP) pair. The blue, 
magenta, orange, and cyan color denote the deformation of 0-20 %, 20-40%, 40-
60%, and 60-80% of strain, respectively. 
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Figure 4.4: Pair correlation function of the C (HEMA) – C (HEMA) pair. The blue, 
magenta, orange, and cyan color denote the deformation of 0-20 %, 20-40%, 40-
60%, and 60-80% of strain, respectively. 
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hydrogels: Effect of water content on equilibrium structures and mechanical properties, 
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 Figure 4.5: Pair correlation function of the N (VP) – C (HEMA) pair. The blue, 
magenta, orange, and cyan color denote the deformation of 0-20 %, 20-40%, 40-
60%, and 60-80% of strain, respectively. 
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Elastic Modulus 
Elastic moduli were also calculated using a constant strain minimization method 
[289].  In this method, a small strain (   = ± 0.01 %) is applied to the hydrogel in the 
direction of x, y and z axis, independently, and a subsequent energy minimization is 
performed.  The resulting elastic moduli are summarized in Table 4.1.   
As shown in Figure 4.6, at low water content (< 40 wt %), the elastic modulus of 
the random sequence hydrogel is larger than that of the blocky sequence hydrogel.  
However, this difference in the elastic modulus disappears as the water content increases, 
which is the same observation as the stress response at large deformation (Figure 4.2).  
 
Table 4.1: Elastic Moduli of the hydrogels 
 
Monomeric sequence Random Blocky 
Water content 0 wt % 20 wt %  40 wt % 80 wt % 0 wt %   20 wt %  40 wt % 80 wt % 




















Figure 4.6: Change of elastic modulus as a function of water content. 
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Conclusion 
Uniaxial compression MD simulations proved that the stress level is decreased 
with increasing water content due to the lubricating role of water molecules.  By 
analyzing the change of the pair correlation function between the monomeric units, it was 
found that the structural relaxation takes place mainly through the response of VP 
monomers, especially in the blocky sequence.  The dependence of the stress on the 
monomeric sequence, however, disappears with increasing water content.  From this 
study, the properties of the P(VP-co-HEMA) hydrogels were shown to depend on the 
 
wt % water contents





































monomeric sequence at low water content, whilst the water dominates all the structural 
and mechanical properties at high water content.  
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 The previous chapter showed the dependence of the mechanical properties of 
P(VP-co-HEMA) on the monomeric sequence at low water contents using MD 
simulations, showing that the VP monomers (especially in a blocky sequence) are 
responsible for stress relaxation.   
 Here, we raise a question regarding the effect of the monomeric sequence of the 
P(VP-co-HEMA) on the transport properties of small guest molecules through the 
hydrogels at various water contents.  At a low water content (< 40 wt %), small guest 
molecules are expected to be localized and isolated within the polymer network, so that 
the transport properties of the hydrogel would be mostly determined by the interaction of 
the polymer and the guest molecules.  Based on our previous simulation results showing 
that the monomeric sequence determines the spatial distribution of the monomers, it is 
inferred that the guest molecules could experience different interactions with the 
monomeric units in hydrogels that are distributed heterogeneously, which affects the 
diffusion of the guest molecules.  Because such effects of the monomer sequence on the 
diffusion of guest molecules in P(VP-co-HEMA) hydrogels have not yet been fully 
studied using a full-atomistic modeling approach, we have investigated the diffusion of 
two guest molecules, D-glucose and ascorbic acid (Figure 5.1), through P(VP-co-HEMA) 
hydrogels with two different monomeric sequences, one blocky and one random.  In this 
study, the D-glucose and the ascorbic acid are chosen as model guest molecules not only 
because they are important molecules for essential body functionality but also because 
they have very similar size and constituents.  Thus, we expect that studying the diffusion 
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of these two similar guest molecules will shed light on our understanding of how the 
diffusion of guest molecules in hydrogels is affected by the guest-hydrogel molecular 
interaction that is specified by the structures.  For this, full-atomistic MD simulations 
have been performed to investigate the detailed structure and transport property of guest 






Figure 5.1: Chemical structures of (a) D-glucose and (b) ascorbic acid 
 
 
Models and Simulation Details 
We adopted two different structural models of P(VP-co-HEMA) hydrogels, 
consisting of a blocky sequence and a random sequence, from Chapter 3 as an initial 
structure to prepare the model for the study of the transport properties.  In this 
investigation, we employed same conditions for force field and MD parameters from 
Chapter 3.  Following the system construction, sequential canonical (NVT) and 
isothermal-isobaric (NPT) MD simulations were carried out to equilibrate the system for 
200 ps and 16 ns, respectively, at 310.15 K.  After equilibration, the guest molecules, D-
glucose or ascorbic acid were added to the system with the random and the blocky 
sequence, respectively.  The positions of each guest molecule were randomly selected in 
the model system.  All of the systems were equilibrated by running 10 – 40 ns NPT MD 
simulations at 310.15 K.  Data collection for the analyses was performed during a 
subsequent 10 - 20 ns NPT MD simulation. 
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Results and Discussion 
Equilibrated Structure 
 The last snapshots from the final MD simulations are shown in Figure 5.2, in 
which the differences in the monomeric sequences of the hydrogels are clearly observed: 
the random P(VP-co-HEMA) presents more dispersed monomeric units (left side of 
Figure 5.2), while the blocky P(VP-co-HEMA) has a more segregated presentation (right 
side of Figure 5.2).  Two independent hydrogel models for each monomer sequence were 
prepared that contained three molecules of either D-glucose or ascorbic acid, 
corresponding to a concentration of 0.03 ~ 0.14 M.  The characteristics of the 















(a) Random (20 wt %, ascorbic acid) (b) Blocky (20 wt %, ascorbic acid) 
  
(c) Random (20 wt %, D-glucose) (d) Blocky (20 wt %, D-glucose) 
  
(e) Random (40 wt %, ascorbic acid) (f) Blocky (40 wt %, ascorbic acid) 
  
(g) Random (40 wt %, D-glucose) (h) Blocky (40 wt %, D-glucose) 
Figure 5.2: (Continued on next page.)  
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(i) Random (80 wt %, ascorbic acid) (j) Blocky (80 wt %, ascorbic acid) 
  
(k) Random (80 wt %, D-glucose) (l) Blocky (80 wt %, D-glucose) 
 
Figure 5.2: Equilibrated random P(VP-co-HEMA) hydrogels with (a) ascorbic acid 
and (c) D-glucose with 20 wt % water content, (e) ascorbic acid and (g) D-glucose 
with 40 wt % water content, and (i) ascorbic acid and (k) D-glucose with 80 wt % 
water content; equilibrated blocky P(VP-co-HEMA) hydrogels with (b) ascorbic 
acid and (d) D-glucose with 20 wt % water content, (f) ascorbic acid and (h) D-
glucose with 40 wt % water content, and (j) ascorbic acid and (l) D-glucose with 80 
wt % water content.  Blue, yellow, green, orange, and cyan color denotes VP, 
HEMA, MBA, ascorbic acid, and D-glucose, respectively.  The oxygen and hydrogen 
of the water molecule are represented by red and white colors, respectively.  The 









Monomeric sequence Random Blocky 
Monomer composition VP: HEMA = 37: 13 VP=37 and HEMA=13 








Guest molecule Ascorbic acid D-glucose Ascorbic acid D-glucose 
Water content 20 wt %  40 wt % 80 wt % 20 wt %  40 wt % 80 wt % 20 wt %  40 wt % 80 wt % 20 wt %  40 wt % 80 wt % 
Number of water 
molecule 
248 661 3969 248 661 3969 248 661 3969 248 661 3969 
Number of guest 
molecules 
(concentration, M) 












































































Distribution of guest molecules 
 To check the distribution of the guest molecules, we analyzed the pair correlation 
function (PCF, see Equation 25) of the guest molecules with the P(VP-co-HEMA) 
hydrogels. Using this function, it is possible to determine in what environment the guest 
molecules are found.  For this study,  rg , the product of  rg  and the number density 
(), is used instead of  rg  to directly compare the absolute values between various 
systems.  For quantitative analysis, the coordination number (CN) is calculated by 
integrating the first peak in the PCF.  Figure 5.3 shows the three pairs of interest: i) 
)()( moleculeguestOVPNg   for the nitrogen of the VP (N (VP)) and the oxygen of the guest 
molecule (O (guest molecule)); ii) )()( moleculeguestOHEMACg   for the alpha carbon of the 
HEMA (C (HEMA)) and O (guest molecule); and iii) )()( moleculeguestOHEMAOg   for the 
oxygen of the hydroxyl group of the HEMA (O (HEMA)) and O (guest molecule). 
 
 







  In Figure 5.4 and Figure 5.5, we show the  rg  values of the P(VP-co-HEMA) 




Figure 5.4: Pair correlation functions of ascorbic acid in the P(VP-co-HEMA) 
hydrogel: ascorbic acid in the random sequence with 20 wt % (a), 40 wt % (c), and 
80 wt % water content (e) and in the blocky sequence with 20 wt % (b), 40 wt % (d), 





































































Figure 5.5: Pair correlation functions of D-glucose in P(VP-co-HEMA) hydrogel: 
ascorbic acid in the random sequence with 20 wt % (a), 40 wt % (c), and 80 wt % 
water content (e) and in the blocky sequence with 20 wt % (b), 40 wt % (d), and 80 
wt % water content (f). 
 
 
   Figure 5.4 and Figure 5.5 show that the )()( moleculeguestOHEMAOg   appears at ~ 2.5 Å, 

































































oxygen of the terminal hydroxyl group in HEMA) unit is more accessible for the guest 
molecules in comparison with C (HEMA) and N (VP). 
  By comparing Figure 5.4 (a) and (b) for 20 wt % water content, we found that the 
peak intensities for the )()( acidascorbicOHEMACg   and the )()( acidascorbicOHEMAOg   depend on the 
monomer sequence of P(VP-co-HEMA): )()( acidascorbicOHEMAXg   (X=C or O) has a smaller 
intensity at ~5 Å for the  blocky sequence hydrogel.  As shown in Table 5.2, the 
calculated CNs for 20 wt % water content from the first peak of  )()( acidascorbicOHEMACg   
and )()( acidascorbicOHEMAOg   for the blocky sequence are 2 ~ 4.3 times smaller than those for 
the random sequence. 
 
Table 5.2: Guest molecule coordination number (CN) from the X-O (guest molecule) 




CN Range of pair 
correlation 




CHEMA (random) 0.17 0.03 0.00 < 5.1 
OHEMA (random) 0.18 0.06 0.03 < 5.1 
NVP (random) 0.43 0.22 0.05 < 6.8 
CHEMA (blocky) 0.04 0.02 0.02 < 5.5 
OHEMA (blocky) 0.09 0.04 0.03 < 5.1 
NVP (blocky) 0.45 0.30 0.06 < 6.8 
 
D-glucose 
CHEMA (random) 0.10 0.05 0.00 < 5.8 
OHEMA (random) 0.20 0.05 0.01 < 5.1 
NVP (random) 0.35 0.14 0.02 < 6.8 
CHEMA (blocky) 0.01 0.00 0.00 < 4.7 
OHEMA (blocky) 0.05 0.02 0.01 < 5.1 
NVP (blocky) 0.55 0.19 0.02 < 6.8 
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The PCFs for D-glucose (Figure 5.5 (a) and (b)) also show dependency on the monomer 
sequence: the CN results for 20 wt % water content (Table 5.2) show that the CNs of the 
major peaks of the )cos()( egluDOHEMACg   and the )cos()( egluDOHEMAOg   for the blocky 
sequence show smaller values than do those for the blocky sequence.  The intensity of the 
first peak for )()( acidascorbicOVPNg   and )cos()( egluDOVPNg   is less affected by the monomer 
sequence of the hydrogel than are those of )()( moleculeguestOHEMAXg  , as shown in Figure 5.4 
and Figure 5.5, but the CNs from the blocky sequence show higher values than do those 
from the random sequence, as shown in Table 5.2.  The CNs from )()( acidascorbicOVPNg   and 
)cos()( egluDOVPNg   show larger values than do those of )()( acidascorbicOHEMAXg   
and 
)cos()( egluDOHEMAXg   for both monomeric sequences, indicating that the guest molecule 
has a greater accessibility to the VP units than do the HEMA units in both monomeric 
sequences.  We expect that hydrophilic guest molecules, such as ascorbic acid and D-
glucose, may tend to be more associated with the VP units because the VP units are more 
hydrophilic than the HEMA units, as evaluated by previous experiments [46, 103, 105, 
110, 228] and simulations [290, 291].  The guest molecules can be confined within the 
polymer network in low hydration conditions.  This confinement can lead to the guest 
molecules having more interactions with the polymer network, especially with the more 
hydrophilic part, the VP units.  Detailed discussion of the confinement will be shown in 
next section. 
 To explain this monomeric sequence effect on P(VP-co-HEMA) hydrogel with 20 
wt % water content, we calculated the solvent accessible surface area (SASA) of the 
monomeric units to check the accessible surface for the guest molecule.  The probe radius 
for calculating the SASA was set to be 2.78 Å and 2.71 Å, which are the hydrodynamic 
radii (rh) [33] of D-glucose and ascorbic acid, respectively.  It is shown in Table 5.3 that 
the SASA of the VP unit has a lager accessible area than the HEMA unit for the guest 
molecules, which agrees with the results of the PCFs and CNs.  It is also observed that 
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the blocky sequence hydrogel is 29 – 37% and 4 - 15 % larger than those of the random 
sequence hydrogel for the VP units and the HEMA units, respectively.  The SASA of the 
VP units is more sensitively affected by the monomeric sequence than is the SASA of the 
HEMA units.  Because the HEMA units are randomly distributed among the VP units in 
the random sequence hydrogel, the HEMA units can hinder the probe in its detection of 
the VP units in the random sequence.  As we mentioned above, the )()( moleculeguestOHEMAOg   
appears at ~ 2.5 Å, while the other  rg s appear at ~ 3.5 Å, indicating that the O 
(HEMA) unit is more accessible to the probe, especially in the random sequence.  It was 
also found that the root-mean-square radius of gyration is 1.92 ± 0.33 Å for the VP unit 
and 2.61 ± 0.01 Å for the HEMA unit at 310K, indicating that the HEMA unit is longer 
than the VP unit by ~ 36 %.  Therefore, the guest molecules can be hindered in accessing 
the VP units by the HEMA units in the random sequence, which leads to smaller CNs for 
)()( moleculeguestOVPNg   and higher CNs for )()( moleculeguestOHEMAXg   in the random sequence 
than in the blocky sequence at the low water content.   
 
Table 5.3: Solvent accessible surface area of VP units and HEMA units with respect 
to guest molecules 
 
 Random Sequence Blocky sequence 
 VP HEMA VP HEMA 
Ascorbic acid 
(Probe radius=2.71 Å2) 1465 ± 75 Å
2 653 ± 66 Å2 1893 ± 88 Å2 678 ± 20 Å2 
D-glucose 
(Probe radius=2.78 Å2) 1650 ± 109 Å
2 690 ± 56 Å2 2253 ± 66 Å2 796 ± 51 Å2 
 
 However, this monomeric sequence effect is significantly reduced with 40 wt % 
water content (see (c), (d) of Figure 5.4 , Figure 5.5 and Table 5.2) and disappeared with 
80 wt % water content (see (e), (f) of Figure 5.4 , Figure 5.5 and Table 5.2).  This occurs 
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because the polymer chains are swelled by increasing the water content.  Therefore, the 
hydrophilic guest molecules, such as ascorbic acid [292] and D-glucose [293], are more 
likely to be associated with water molecules than with the polymer network at the high 
water content.  To determine in what environment the guest molecules are associated 
with the water molecules, we characterized the water distribution around the guest 
molecules by PCF of the oxygen of the guest molecule and the oxygen of the water 
molecule ( )()( waterOmoleculesguestOg  ), as shown in Figure 5.6.  The water CN for the guest 
molecules was also analyzed in Table 5.4.  It is clearly shown that the intensities of the 




Figure 5.6: Pair correlation functions of O(ascorbic acid)-O(water) in random 
sequence (a) and in blocky sequence (b); pair correlation functions of O(D-glucose)-
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(a) Ascorbic Acid, Random
(c) D-glucose, Random
(b) Ascorbic Acid, Blocky
(d) D-glucose, Blocky
20 wt % water content
40 wt % water content












Table 5.4: Coordination number (CN) from the O(guest molecule)-O(water) pair in 
a P(VP-co-HEMA) hydrogel 
 
  Random Sequence Blocky sequence Range of pair correlation 
distance, r (Å) 
Ascorbic acids 20 wt % 0.45 0.48 < 2.9 
 40 wt % 0.72 0.66 < 2.9 
 80 wt % 0.87 0.85 < 2.9 
D-glucoses 20 wt % 0.69 0.62 < 2.9 
 40 wt % 0.97 0.96 < 2.9 
 80 wt % 1.05 1.05 < 2.9 
 
Diffusion of guest molecules 
 The diffusion of the guest molecule is another interesting aspect of the hydrogel 
because of its importance for bio-applications, such as tissue engineering and drug 
delivery, in which small guest molecules can be transported.  From numerous studies 
[294-302] focusing on the variables affecting solute transport, it is understood that the 
transport properties are strongly dependent upon many factors, such as mesh size, 
swelling ratio, ionization, ionic strength, pH condition, and temperature.  In our 
simulations, the numbers of each guest molecule are the same for all P(VP-co-HEMA) 
hydrogels to check the effect of the water content on the transport properties of the guest 
molecule.  The mean square displacement (MSD) of the guest molecules in the hydrogels 
was obtained from the last 5 ns of our NPT MD simulations and was used to calculate the 
diffusion coefficients (D), defined by 
 









  (34) 
 
 70
where  tr  and  0r  are the positions of the target molecules at a time t that is greater than 
0 and at t = 0, respectively.  It is known that from equation (35) that 
 
     trtr ~0 2   (35) 
 
The diffusion is normal if MSD,     20rtr  , is proportional to time t with α = 1.  If the 
diffusion of molecules is hindered or obstructed by the structure of the system, the value 
of α is smaller than 1, which is known as an anomalous subdiffusion [303, 304].  This has 
been observed in various systems, such as membranes [305, 306], hydrogel [307], and 
porous media [308].  Weiss at al. [304] reported the anomalous subdiffusion of 
cytoplasmic macromolecules in a living cell, with values of α between 0.59 and 0.84.   
Ghosh and Webb [309] found anomalous subdiffusion of the low density lipoprotein 
receptor molecules in human skin fibroblasts, with α = 0.2 to 0.9.  Schwille et al. [310, 
311] reported that the IgE receptor and fluorescent lipid analogs in rat basophilic 
leukemia cells showed anomalous subdiffusion, with values of α between 0.7 and 0.8.  
Gallo and Rovere [312] studied the mobility of water molecules in a silica pore at the low 
hydration regime. They found α = 0.46 – 0.48 with 38 % and 58 % hydration levels of the 
pore.  Azurmendi and Ramia [307] investigated the anomalous subdiffusion of water 
molecules in a cross-linked sucroses and diepoxide hydrogel with 18 %, 40 %, and 96 % 
hydration levels.  They reported α values of 0.43 and 0.61 for 18 % and 40 % hydration 
levels, respectively.  Jang et al. [33] reported that the ascorbic acid and D-glucose in the 
poly(ethylene oxide)–poly(acrylic acid) double network hydrogel with 76 % water 
content showed values of α between 0.74 and 0.82.  
 In this study, shown in Figure 5.7, we obtained α values of 0.36 – 0.47 for 20 wt 
% water content, 0.62 – 0.80 for 40 wt % water content, and 0.79 – 0.89 for 80 wt % 
water content P(VP-co-HEMA) hydrogels, respectively.  These results clearly indicate 
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that the diffusion of the guest molecules corresponds to the anomalous subdiffusion and 
is seriously depressed in low hydration hydrogel systems (20 wt % water content).  The 
anomalous subdiffusion approaches normal diffusion as the water content increase to a 




Figure 5.7: Mean square displacement (MSD) of logarithmic plots for the guest 
molecules in the P(VP-co-HEMA) hydrogel, with ascorbic acid in a random 
sequence (a) and blocky sequence (b) and with D-glucose in a random sequence (c) 


































(a) Ascorbic Acid, Random
(c) D-glucose, Random
(b) Ascorbic Acid, Blocky
(d) D-glucose, Blocky
20 wt % water content
40 wt % water content


























Table 5.5: Chemical formula, molecular weight, and diffusion coefficient of guest 
molecules at 310 K 
 
 Ascorbic Acid D-Glucose 
Chemical formula C6H8O6 C6H12O6 
Molecular weight, MW 176.126 180.157 
Monomeric sequence Random Blocky Random Blocky 
Diffusion 
coefficient, D 
(× 10-6 cm2/s) 
20 wt % 
water content 
0.02 0.01 0.02 0.01 
40 wt % 
water content  0.80 0.68 0.79 0.67 
80 wt % 
water content 
2.85 2.83 2.72 2.51 
 
 Table 5.5 summarizes the diffusion coefficients for ascorbic acid and D-glucose 
for each sequence hydrogel.  Unfortunately, there is no available experimental diffusion 
coefficient for our particular systems.  However, we found several experimental diffusion 
coefficient data for the guest molecule in bulk water at room temperature.  Thus, we also 
prepared reference model simulations that contain water molecules with the guest 
molecules for comparison to the experimental diffusion coefficient results to validate our 
simulations.  Our reference model contains 1200 water molecules with the same number 
of guest molecules and a similar periodic box size of the models, with 20 wt % water 
content.  The reference models were equilibrated by running 10 ns NPT MD simulations 
at 298.15 K.  Then, an additional 10 ns NPT MD simulation was performed for data 
collection.  The diffusion coefficients are calculated to be 5.76 × 10-6 cm2/s (α = 1) and 
6.62 × 10-6 cm2/s (α = 1) for ascorbic acids and D-glucoses, respectively.  The 
experimental values are 5.80 – 5.97 × 10-6 cm2/s and 6.51 – 6.78 × 10-6 cm2/s for ascorbic 
acids [313] and D-glucoses [314-316], respectively.  Thus, the diffusion coefficients from 
our reference model simulations agree with the experimental values obtained under 
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similar conditions.  We also found the diffusion coefficient of ascorbic acid and D-
glucose in the PEO hydrogel system with 76 % and 80 wt % water content, which are 
comparable with the 80 % water content of P(VP-co-HEMA) hydrogel system in this 
study.  Jang et al. [33] reported that the diffusion coefficient of ascorbic acid and D-
glucose in the poly(ethylene oxide)–poly(acrylic acid) double network hydrogel with 76 
% water content is 1.11 – 2.53 × 10-6 cm2/s and 1.07 – 2.49 × 10-6 cm2/s at 300 K, 
respectively.  Myung et al. observed that the diffusion coefficient of glucose is 0.9 - 1.8 × 
10-6 cm2/s in poly(ethylene glycol) hydrogels with 80 wt % water content [317] at room 
temperature.   
 Table 5.5 shows that the diffusion coefficients of ascorbic acid and D-glucose in 
the random sequence hydrogel are twice as high as in the blocky sequence hydrogel for 
20 wt % content, while the difference is decreased by ~ 18 % and ~ 8 % when increasing 
the water content to 40 wt % and 80 wt %, respectively.  At the low water content, the 
guest molecule has more interaction with the block of VP units in the blocky sequence 
hydrogel than in the random sequence hydrogel, leading to the slow diffusion of the 
hydrophilic guest molecules in the blocky sequence hydrogel.  These results agree with 
the results of the PCFs and CNs.  It has been also observed that the dynamics of 
hydrophilic molecules, such as water, become slow near a hydrophilic substrate in the 
highly confined environment [318, 319].  Therefore, a hydrophilic domain, such as the 
VP units in the blocky sequence hydrogel, can slow down the mobility of the hydrophilic 
molecule at the low water content.  However, the monomeric sequence effect on the 
diffusion coefficients of the guest molecule is significantly decreased with an increasing 
the water content. 
 Next, to characterize the diffusion mechanism of the guest molecules, we 
monitored the total displacement of the center of mass of the guest molecules from the 
initial position to their position at time t during the last 10 ns of the NPT MD simulation, 
as shown in Figure 5.8.  It is observed that the total displacement of the guest molecules 
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is significantly suppressed at the low water content (20 wt % water content).  The guest 
molecules at 20 wt % water content seem to be bound at a certain location within the 
hydrogel or diffused within a confined pocket within the hydrogel.  It is observed that the 
guest molecules in the 40 wt % and the 80 wt % water content hydrogels can diffuse 






Figure 5.8: Total Displacement of the center of mass of the guest molecules in the 
P(VP-co-HEMA) hydrogel during the last 10 ns of the NPT MD simulation for 
ascorbic acid in the random sequence (a) and in the blocky sequence (b) and for D-
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Figure 5.9: Theoretical models to investigate the relationship between the size of the 
channel in the system and the available surface area; (a) a unit structure with a 
dummy atom with a van der Waals radius of 0.5 Å; (b) a superstructure made of 30 
× 30 × 30 unit structures; and (c) a model with a cubical void of 10 Å × 10 Å × 10 Å 
at the center.  Models with various cross-sectional areas for the channel: (d) 2 Å × 2 
Å; (e) 4 Å × 4 Å; (f) 6 Å × 6 Å; and (g) 8 Å × 8 Å.  The dummy atoms are invisible in 
models (c), (d), (e), (f) and (g) to allow for a clear view of the void and the channels. 
  
 
 At this point, it should be noted that the diffusion of small guest molecules in the 
polymer network also depends on the geometrical conditions such as the size and 
distribution of the pores as well as the molecular interactions.  Thus, we analyzed the 
porosity of the hydrogels to investigate the effect of geometry on the diffusion of guest 
molecules by comparing with theoretical models.  First, a simple cubic void (10 Å × 10 Å 
× 10 Å, Figure 5.9 (c)) was built in a periodic box (30 Å × 30 Å × 30 Å, Figure 5.9 (b)) 
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using a dummy atom with a van der Waals radius of 0.5 Å (Figure 5.9 (a)).  Then, the 
simple cubic void was connected via channels of three different cross-sectional areas: 2 Å 
× 2 Å (Figure 5.9 (d)), 4 Å × 4 Å (Figure 5.9 (e)), 6 Å × 6 Å (Figure 5.9 (f)) and 8 Å × 8 
Å (Figure 5.9 (g)).  If the spherical molecule has a sufficiently smaller radius, then it can 
diffuse through the channel.  Otherwise, the guest molecule is confined within the simple 
cubic void.  Using such a theoretical model (Figure 5.9) with the solvent accessible 
surface analysis, we evaluated the inner surface area of the theoretical model, which 
depends on the probe radius.  As shown in Figure 5.10, the inner surface area is 
decreased with an increasing the probe radius because it is actually the contacting surface 
area for a given probe radius.  Thus, if the probe radius is larger than the radius of the 




Figure 5.10: Change in the inner surface area from the theoretical models (Figure 
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 From Figure 5.10, the threshold value of the probe radius to detect the channel in 
models d, e, f and g (Figure 5.9) is clearly observed at 1 Å, 2 Å, 3 Å and 4 Å, 
respectively, which is exactly matched with the size of the radius of the channel.  In other 
words, a solute can diffuse through the channel to move other sites if the solute radius 
size is smaller than the threshold value for the model.  Otherwise, a solute can be 
confined within the pore.  Thus, we believe that this analysis can discriminate the 
difference in porosity between the hydrogels on nanometer-scale. 
 The inner surface area of the hydrogels is obtained, as shown in Figure 5.11.  We 
did not see a clear threshold of the probe radius from the hydrogel systems, but rather 
observed the intermediate zone between two linear regimes (see Figure 5.11 (a)) due to 
the complicated structures of the hydrogels, with various sizes and shapes of channels 
and cages.  If a solute has a radius within the range of the intermediate zone, then it can 
diffuse through the proper channel, but it also can be confined simultaneously.  Because 
the hydrodynamic radius of the ascorbic acid and D-glucose is 2.71 Å and 2.78 Å, 
respectively, it is expected that they are confined within the local voids in the hydrogel 
for a 20 wt % water content hydrogel.  The hydrodynamic radius of the guest molecule is 
within the range of the intermediate zone at 40 wt % water content, and therefore, 
diffusion is restricted within the hydrogel.  At 80 wt % water content, the threshold of the 
probe radius is not observed if the range of the probe radius is less than 5 Å, indicating 
that the guest molecule can diffuse through the channel.  This result is consistent with 






Figure 5.11: Change in the inner surface area from the simulated hydrogels as a 
function of the probe radius; ascorbic acid in the random sequence (a) and in the 
blocky sequence (b) and D-glucose in the random sequence (c) and in the blocky 
sequence (d).  The dot-line indicates the radius of either ascorbic acid or D-glucose.  




 Using a full-atomistic MD simulation approach, we investigated P(VP-co-
HEMA) hydrogels containing 20, 40 and 80 wt % water at 310.15K with both random 
and blocky sequences.  Ascorbic acid and D-glucose were used to study the effect of the 
monomeric sequence on the diffusion of small guest molecules within the hydrogels.  By 
analyzing the pair correlation functions, it was found that the guest molecule has greater 
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to its higher hydrophilicity compared to the HEMA units.  The monomeric sequence 
effect on the P(VP-co-HEMA) hydrogel is clearly observed with 20 wt % water content, 
but the monomeric sequence effect is significantly reduced with 40 wt % water content 
and disappears with 80 wt % water content.  This is because the hydrophilic guest 
molecules are more likely to be associated with water molecules than with the polymer 
network at the high water content.  By analyzing the mean square displacement, the 
displacement of the guest molecules and the inner surface area, it is also found that the 
guest molecule is confined in the system at 20 wt % water content, resulting in highly 
anomalous subdiffusion.  Therefore, the diffusion of the guest molecules is directly 
affected by their interaction with the monomer units, the monomeric sequence and the 
geometrical confinement in the hydrogel at a low water content, but the monomeric 
sequence effect and the restriction on the diffusion of the guest molecule are significantly 





CHAPTER 6: DE-SWELLING MECHANISMS OF A SURFACE-
GRAFTED P(NIPAAm) BRUSH 
  
Introduction 
Among the various types of stimuli-responsive polymer materials, we are 
particularly interested in a chemically surface-grafted poly(N-isopropylacrylamide) 
(P(NIPAAm)) brush system with sufficiently high grafting densities, which was inspired 
by V. V. Tsukruk group [179, 320].  The polymer chains stretched in a direction that was 
perpendicular to the surface by excluded volume repulsions at a high grafting density 
condition, and therefore, the behavior of brushes is controlled by the strong entropic 
repulsion between the polymer chains and the constraints from the chemically cross-
linked surface [321].  This surface-grafted P(NIPAAm) brush showed a rapid de-swelling 
response to temperature changes above the lower critical solution temperature (LCST) 
due to the immediate dehydration of the water from the free mobile chains, followed by 
the hydrophobic attraction between the isopropyl groups, which dominate and collapse 
the brush sequentially [322-324].  These features were suggested for many applications, 
including aqueous chromatography systems [175, 323, 325-327], permeation-controlled 
porous membranes [328, 329], chemical sensors [330-332], controlled attachment-
detachment surfaces for cultured cells [170-172, 174, 333-338], drug release [339, 340], 
protein detection [341, 342], and functional composite surfaces [343-345].  The behavior 
of the surface-grafted P(NIPAAm) chains have been extensively investigated using 
various characterization techniques, such as dynamic light scattering (DLS) [346-348], 
surface plasmon spectroscopy (SPR) [349], neutron reflectivity (NR) [350-354], quartz 
crystal microbalance measurement (QCM) [355-359], atomic force microscopy (AFM) 
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[179, 360-363], surface force measurement [364-366], nuclear magnetic resonance 
(NMR) [212], and dynamic contact angle measurement [367, 368].   
With many factors at play in the phase transition of the brushes, the grafting 
density of the P(NIPAAm) brushes plays an important role for the conformational 
transition.  Using neutron reflectivity, Yim et al. investigated the conformational changes 
of PNIPAAm chains that were tethered to silicon oxide using a low/high surface grafting 
density [350, 351].  They observed no coil-to-globule transition with a low grafting 
density, ranging from 0.01 to 0.02 chains/nm2 using a 33 to 220 kg/mol molecular weight 
of P(NIPAAm).  To check the effect of the molecular weight on the conformational 
changes of the brushes for high grafting density (0.54 chains/nm2) of P(NIPAAm) chains 
with three different molecular weights, 13,  44, and 71 kg/mol, they found a significant 
conformational transition for all three samples as the temperature passed through the 
LCST.  It is indicated that the high grafting density of the P(NIPAAm) chain is critical 
for the coil-to-globule transition of the brushes.  Plunkett et al. investigated the effect of 
the grafting density, with 0.05, 0.21, and 0.33 chains/nm2, and the molecular weight of 
P(NIPAAm), which ranged from 51 to 263 kg/mol, using surface force measurements 
[364].  They found that the chain collapse above the LCST decreases with a decreasing 
grafting density and molecular weight.  Malham and Bureau reported that the grafting 
density greatly affects the collapse of P(NIPAAm) when using surface force 
measurements [366].  They used grafting densities that ranged from 0.02 to 0.42 
chains/nm2 with the given molecular weight (~ 475 kg/mol), and the thermal response of 
the brushes increased with the increasing the grafting density of the brushes.  Zhu et al. 
found that the P(NIPAAm) does not collapse above the LCST with very low grafting 
densities, ranging from 0.12 × 10-7 to 2.56 × 10-7 chains/nm2 [365].  Using AFM and 
QCM, Ishida and Biggs investigated the effect of the grafting density, with 0.02, 0.07 and 
0.36 chains/nm2, on the phase transition behavior of P(NIPAAm) brushes [360].  They 
reported that the phase transition of P(NIPAAm) brushes clearly depends on the grafting 
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density; the change in the brush layer was more gradual over a broader temperature range 
with an increasing the grafting density.  LeMieux et al. also showed the clear phase 
transition of P(NIPAAm) brushes above the LCST with a very high grafting density 
(initiator density on the surface of 2.6 molecules/nm2) [179].  Because the responsive 
behavior of the surface-grafted P(NIPAAm) chains is significantly dependant on their 
grafting densities, we took much caution in deciding the grafting density of the 
P(NIPAAm) chains in this study.        
This well-defined structure with a fast de-swelling feature helps to simplify the 
model structure for the simulation study, and we may observe the de-swelling phenomena 
in the MD time scale (usually in nanoseconds).  Thus, in our study, we simulated the 
surface-grafted P(NIPAAm) brushes at the atomic level to pursue the fundamental 
understanding of the detailed de-swelling mechanisms and the molecular interactions 
between P(NIPAAm) and water molecules at above/below the LCST using MD 
simulations.   
 
Models and Simulations Details 
Model Constructions 
To comply with the rapidly increasing interest in stimulus-response polymer 
brush systems, a large variety of polymer brush structures have been made and tested on 
the basis of recent progresses in the synthesis techniques such as atom transfer radical 
polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT), 
which can control the growth of the brushes and the grafting density on the surface with 
appropriate initiators and cross-linkers.  However, we did not include the initiators and 
the cross-linkers in this study to simplify the model, as our purposes are to elucidate the 
interactions between the water-P(NIPAAm) chains and the de-swelling mechanisms of 
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water molecules above the LCST.  A P(NIPAAm) chain with a degree of polymerization 
of 30 (Figure 6.1 (a)) is attached to the silicon substrate (Figure 6.1 (b)).  The thickness of 
the silicon substrate is ~23 Å, with seven layers.  In this calculation, the Si (111) surface 
was modeled by a slab with a (3.84Å × 3.84Å) surface unit cell.  The surface effect from 
the silicon substrate was not considered; however, the silicon substrate was used to 
constrain the P(NIPAAm) brushes and to control the grafting density of the P(NIPAAm) 
brushes.  To determine the surface grafting density, we calculated the packing energies of 
2×2, 3×3, 4×4, and 5×5 unit structures of the silicon slab (Figure 6.1 (c)) with a single 
surface-grafted P(NIPAAm) chain using the energy minimization technique.  The 
packing energy was defined by     
 
 chainNIPAAmPslabsiliconchainNIPAAmPslabsiliconpacking EEEE )()(    (36)
 
 
where chainNIPAAmPslabsiliconE )( , slabsilicon
E  and chainNIPAAmPE )(  denote the energy of the silicon 
slab with the surface-grafted P(NIPAAm) chain, the energy of the silicon slab and the 
energy of the P(NIPAAm) chain, respectively.  From Figure 6.2, we found that the 3×3 
silicon slab showed the lowest packing energy (~-17 kcal/mol) in the models.  To 
simulate the surface-grafted P(NIPAAm) brushes computationally, we first used the 3x3 
silicon slab with the single P(NIPAAm) chain and cleave the surface for an orthorhombic 
simulation box with periodic boundary conditions applied for all three spatial directions, 
as shown in Figure 6.3 (a).  The initial configuration of the surface-grafted P(NIPAAm) 
brushes consists of twelve P(NIPAAm) chains with lattice parameters of a = 39.91 Å, b = 
34.56 Å, and c = 200 Å, as shown in Figure 6.3 (b).  The grafting density is the 
equivalent of 1.15 chains/nm2 which is sufficiently high to observe phase transition 
behavior in comparison with other experimental conditions [351, 360, 364, 366].  To 
hydrate the P(NIPAAm) brushes, we added 1300 water molecules (~ 40 wt % water 
content) into the brush system (Figure 6.3 (c)), and the density of the hydrated brushes 
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(a) (b) (c) 
 
Figure 6.1: Preparation scheme of the surface-grafted P(NIPAAm) chain on silicon 
substrate; (a) a single chain of P(NIPAAm) with DP=30; (b) side view of the silicon 

















































(a) (b)         (c) 
 
Figure 6.3: Preparation of the initial configurations of the surface-grafted 
P(NIPAAm) brushes on the silicon slab; (a) a hexagonal closed packing mode is 
retained in an orthorhombic simulation box (blue box) with the lattice parameters 
of  a = 39.91 Å, b = 34.56 Å, and c = 200 Å; (b) the initial configuration  of the 
surface-grafted P(NIPAAm) brushes, consisting of 12 P(NIPAAm) chains, with blue 
circles indicating the location of each brush in the system; and (c) hydrated 
P(NIPAAm) brushes with 1300 water molecules, with blue circles and red color 










After this initial configuration was prepared, we equilibrated the system by 
carrying out NVT MD simulations at 290 K for 20 ns.  After this equilibration, we 
independently simulated the model system under five different temperature conditions, at 
275 K, 290 K, 320 K, 345 K and 370 K.  Because the aqueous solutions of P(NIPAAm) 
exhibit LCST at approximately 305 K (32 C°) [152-155], 2 temperature conditions (275 
K and 290 K) are below the LCST and 3 temperature conditions (320 K, 345 K, and 370 
K) are above the LCST.  We completed another 10 – 15 ns of MD simulation for each 
temperature condition to check the temperature-dependent volumetric change of the 
P(NIPAAm) brushes until the system was equilibrated.  
   
Force Field and MD Parameters 
In this investigation, we employed same conditions for force field and MD 
parameters from Chapter 3.   
 
Results and Discussion 
Density Profiles 
 The snapshots of the surface-grafted P(NIPAAm) brushes during MD simulation 
(Figure 6.4) clearly show that the water molecules in the brushes are de-swelled above 
the LCST (~305 K) of P(NIPAAm), as shown in Figure 6.4 (a) through (c).  We observed 
faster de-swelling of the water molecules from the brushes at higher temperatures.  The 
surface-grafted P(NIPAAm) brushes are completely wetted at 2 ns, 5 ns and 15 ns for 
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temperatures of 370 K, 345 K and 320 K, respectively.  However, we did not observe the 
de-swelling of water molecules below the LCST, as shown in Figure 6.4 (d) and (e).   
We analyzed the snapshots to provide the distributions of each component 
throughout the hydrated brushes using density profiles.  Figure 6.5 through Figure 6.9 
show the density profiles of the brushes along the c-axis direction of the simulation box 
at each temperature.  These results were obtained by partitioning the system into 1.0-Å-
thick slabs parallel to the ab-plane.  The density profile is decomposed into the 
contributions from the main components: water molecules (blue line), polymer brushes 
(red line) and silicon substrate (orange color).  The density profiles from 370 K (Figure 
6.5), 345 K (Figure 6.6) and 320 K (Figure 6.7) clearly show the development of a water 
slab beyond a 90 Å distance by the de-swelling of water molecules during the simulation 
above the LCST.  Again, we did not observe any water slab out of the brushes below the 
LCST, as shown in Figure 6.8 (290 K) and Figure 6.9 (275 K).   
To quantify the change in the thickness of the brushes, we define the “90 
thickness” of the polymer brushes as a function of the distance from the silicon substrate 
where the density of the brushes is 90 % of its maximum value.  In the same manner, we 
also define the “90 thickness” of the water slab at the water-vacuum interface where the 
density of the water slab is 90 % of its maximum value.  Therefore, the thickness of the 
water slab is defined by the distance between two points, the “90 thickness” of the 
polymer brushes and the “90 thickness” of the water slab (Figure 6.10).  The thickness of 
the water slab out of the brushes (Figure 6.11 (a)) increases with increasing numbers of 
water molecules (Figure 6.11 (b)) above the LCST.  A total of 52 %, 46 % and 30 % of 
the water molecules were squeezed out of the brushes at 370 K, 345 K and 320 K during 
15 ns MD simulations, respectively.  The density of the water slab out of the brushes 
(Figure 6.11 (c)) is increased, while the density of the water in the brushes (Figure 6.11 
(d)) is decreased above the LCST.  The density of the water slab out of the brushes 
approaches the density of bulk water at 2 ns (370 K), 5 ns (345 K) and 15 ns (320 K), and 
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it agrees with the required time to wet the surface completely (Figure 6.4 (a) through (c)).  
Below the LCST, we did not observe any significant changes in the density profiles 
during the simulations.  The thickness of the brushes (Figure 6.11 (e)) decreases with the 
increasing density of the brushes (Figure 6.11 (f)), indicating the collapse of the brushes 
above the LCST.   
We also prepared a reference system to compare/validate the results of the 
simulations in this study.  The reference system consists of surface-grafted 
poly(acrylamide) (P(AAm)) brushes instead of P(NIPAAm).  The other conditions for the 
MD simulations are same as the P(NIPAAm) brush systems.  P(AAm) has a similar 
chemical structure to P(NIPAAm), but P(AAm) does not contain the hydrophobic 
isopropyl group.  P(AAm) shows an upper critical solution temperature (UCST) with 
water at 235 K [370], and therefore, P(AAm) does not show phase separation behavior 
with liquid water.  We expect that the P(AAm) brushes will not go through the de-
swelling of the water molecules in the range of the simulated temperatures for the 
P(NIPAAm) brushes.  To check this expectation, we simulated the surface-grafted 
P(AAm) brushes with 1300 water molecules (~ 50 wt % water content) at 275 K, 290 K, 
320 K, 345 K and 370 K.  Because we observed the rapid de-swelling of the water 
molecules within 5 ns for the P(NIPAAm) brushes (Figure 6.11 (b)), we performed MD 
simulations of the P(AAm) brushes for 5 ns.  From the snapshots (Figure 6.12) and the 
density profiles (Figure 6.13 to Figure 6.17), the P(AAm) brushes did not show any 
significant de-swelling of the water molecules or the development of a water slab, even 
with a higher water content (~ 50 wt %) than that of the P(NIPAAm) brushes (~ 40 wt %).  
The thickness of the P(AAm) brushes (Figure 6.18) increases with increasing temperature 
due to thermal expansion.  The change in thickness of the P(AAm) brushes as a function 
of temperature occurs in the opposite direction from that of the P(NIPAAm) brushes 










































Figure 6.4: Snapshots of the hydrated surface-grafted P(NIPAAm) brushes during the MD simulation at (a) 370 K; (b) 345 K; 
(c) 320 K; (d) 290 K; and (e) 275 K.  Blue, yellow, red, and white color denote polymer brushes, silicon substrate, oxygen of 













Figure 6.5: Density profiles of the surface-grafted P(NIPAAm) brushes at 370 K: (a) 


































































































Figure 6.6: Density profiles of the surface-grafted P(NIPAAm) brushes at 345 K: (a) 




































































































Figure 6.7: Density profiles of the surface-grafted P(NIPAAm) brushes at 320 K: (a) 



































































































Figure 6.8: Density profiles of the surface-grafted P(NIPAAm) brushes at 290 K: (a) 

























































































Figure 6.9: Density profiles of the surface-grafted P(NIPAAm) brushes at 275 K: (a) 
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Figure 6.11: (a) Thickness of the water out of the P(NIPAAm) brushes; (b) number 
of water molecules out of the P(NIPAAm) brushes; (c) density of the water out of 
the P(NIPAAm) brushes; (d) density of the water in the P(NIPAAm) brushes; (e) 













































































































































































































































Figure 6.12: Snapshots of the hydrated surface-grafted P(AAm) brushes during 
simulation at (a) 370 K; (b) 345 K; (c) 320 K; (d) 290 K; and (e) 275 K.  Blue, yellow, 
red, and white color denote polymer brushes, silicon substrate, oxygen of water, and 






































Figure 6.13: Density profiles of the surface-grafted P(AAm) brushes at 370 K: (a) 1 

















































































Figure 6.14: Density profiles of the surface-grafted P(AAm) brushes at 345 K: (a) 1 
















































































Figure 6.15: Density profiles of the surface-grafted P(AAm) brushes at 320 K: (a) 1 

















































































Figure 6.16: Density profiles of the surface-grafted P(AAm) brushes at 290 K: (a) 1 
















































































Figure 6.17: Density profiles of the surface-grafted P(AAm) brushes at 275 K: (a) 1 



















































































Pair Correlation Functions of the Surface-grafted Brushes and Water Molecules 
 To investigate the inner structures of the surface-grafted brushes with the water 
molecules, we analyzed the pair correlation function (PCF, see Equation 25) of the 
following (Figure 6.19):  
i) The oxygen (NIPAAm)–oxygen (water) pair ( )()( waterONIPAAmOg  ); the oxygen (AAm)–
oxygen (water) pair ( )()( waterOAAmOg  ); 
ii) The nitrogen (NIPAAm)–oxygen (water) pair ( )()( waterONIPAAmNg  ); the nitrogen 
(AAm)–oxygen (water) pair ( )()( waterOAAmNg  ); 

































Figure 6.19: Atoms used to calculate the pair correlation function. 
 
 
Figure 6.20 (a) to (c) shows the PCFs of )()( waterONIPAAmOg  , indicating that the heights of 
the peaks decrease due to de-swelling of the water molecules above the LCST.  The 
heights of the peaks are not changed during the simulation below the LCST, as shown in 
Figure 6.20 (d) and (e).  The PCFs of )()( waterOAAmOg   (Figure 6.21) also show that the 
distributions of the pair are not changed during the simulation at a given range of 
temperatures.  Figure 6.22 shows that the PCFs of )()( waterONIPAAmNg  are decreased above 
the LCST, but the intensities of the PCFs are not changed below the LCST.  It should be 
noted that the intensities of the PCFs in the short distance range (< 4 Å) are much 
suppressed in comparison with those of )()( waterOAAmNg  (Figure 6.23), clearly showing 
the first peaks at the short distance.  This is due to the steric hindrances of the isopropyl 
group, which constrain the hydration of N(NIPAAm).  Figure 6.24 shows the PCFs for water 
around the hydrophobic group of the brush ( )()( waterONIPAAmCg  ).  Again, the heights of the 
peaks are decreased above the LCST, but the heights of the peaks are not changed below 
the LCST.  Above the LCST, we clearly observe that the intensities of the PCFs for the 
P(NIPAAm) brush are decreased due to de-swelling of the water molecules, while the 
P(NIPAAm) P(AAm)
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intensities of the PCFs for P(NIPAAm) below the LCST and for P(AAm) at a given 
range of temperatures are not changed during the simulations.  These observations agree 
with the results of the density profiles. 
 To quantify the change in the PCFs, we calculated the coordination number (CN) 
by integrating the first solvation shell.  Figure 6.25 shows that the CNs of C(NIPAAm)-
O(water) and O(NIPAAm)-O(water) pairs decreased rapidly above the LCST.  The change of the 
CNs is more significant for the C(NIPAAm)-O(water) pairs than for the O(NIPAAm)-O(water) pairs.  
The differences in the CNs from the initial time frame to the final time frame are 0.88 - 
1.36 for the C(NIPAAm)-O(water) pairs and 0.21 - 0.38 for the O(NIPAAm)-O(water) pairs, as 
shown in Table 6.1.  Because C(NIPAAm) does not offer sufficient interaction with water 
molecules via the hydrogen bonding type of secondary interaction, the de-swelling of the 
water molecules occurs distinctly around the isopropyl group of the P(NIPAAm) brushes 
above the LCST.  The contribution of N(NIPAAm)-O(water) pairs is quite small because of the 
steric hindrance of the isopropyl group for P(NIPAAm).  In contrast, the CNs of the 
N(AAm)-O(water) pairs are ~13 times larger than are those of the N(NIPAAm)-O(water) pairs 
(Table 6.1 and Figure 6.26) in the same distance range (< 3.6 Å), indicating that N(AAm) is 
well hydrated by the water molecules (no steric hindrance).  The change in the CNs for 
P(NIPAAm)-water pairs below the LCST (Figure 6.25)  and P(AAm)-water pairs at a 







Figure 6.20: Pair correlation functions of O(NIPAAm)-O(water) pairs at 370 K (a); 






































































Figure 6.21: Pair correlation functions of O(AAm)-O(water) pairs at 370 K (a); 345 



































































Figure 6.22: Pair correlation functions of N(NIPAAm)-O(water) pairs at 370 K (a); 









































































Figure 6.23: Pair correlation functions of N(AAm)-O(water) pairs at 370 K (a); 345 






























































Figure 6.24: Pair correlation functions of C(NIPAAm)-O(water) pairs at 370 K (a); 



































































Figure 6.25: Change in the coordination numbers of X(NIPAAm)-O(water) pairs: X 






Figure 6.26: Change in the coordination numbers of (a) O(AAm)-O(water) pairs 


















































































(a) O(AAm)-O(water) (b) N(AAm)-O(water)
Time (ns)
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Table 6.1: Coordination numbers from the PCFs of P(NIPAAm)-water pairs and 
P(AAm)-water pairs 
 












ONIPAAm-Owater 370 1.43 1.05 0.38 < 3.4 
 345 1.52 1.18 0.34  
 320 1.54 1.33 0.21  
 290 1.59 1.56 0.03  
 275 1.58 1.58 0.00  
NNIPAAm-Owater 370 0.16 0.16 0.00 < 3.6 
 345 0.16 0.16 0.00  
 320 0.16 0.18 0.02  
 290 0.16 0.17 0.01  
 275 0.16 0.18 0.02  
CNIPAAm-Owater 370 3.30 1.94 1.36 < 4.5 
 345 3.60 2.31 1.29  
 320 3.77 2.89 0.88  
 290 3.92 3.79 0.13  
 275 3.93 3.91 0.02  
OAAm-Owater 370 1.68 1.67 0.01 < 3.4 
 345 1.71 1.67 0.04  
 320 1.76 1.78 0.02  
 290 1.82 1.78 0.04  
 275 1.77 1.78 0.01  
NAAm-Owater 370 2.00 1.97 0.03 < 3.6 
 345 2.08 2.05 0.03  
 320 2.20 2.27 0.07  
 290 2.28 2.31 0.03  
 275 2.33 2.35 0.02  
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Hydrogen Bonding Analysis 
 Because hydrogen bonding plays an important role in describing the LCST [197, 
199, 324], we monitored the change in the hydrogen bonds between polar groups and 
water molecules.  In this investigation, the hydrogen bond is defined by the geometry 
definition, as described by D. Chandler [371].  A hydrogen bond can exist between a pair 
of molecules if the distances and angle satisfy the following conditions: 
 
ROO ≤ 3.60 Å  
ROH ≤ 2.45 Å     (37) 
Φ ≤ 30° 
 
where ROO and ROH are the distances between the water molecules of O1···O2 and O1···H2 
and Φ is an angle of O1···O2 -H2. 
Figure 6.27 shows the change in the total number of hydrogen bonds between the 
polar groups, =O and –NH for P(NIPAAm) and =O and –NH2 for P(AAm), and the water 
molecules.  The total number of hydrogen bonds for the O(NIPAAm)-water pairs is 
changed from 419 (at the initial time frame) to 330 (at the final time frame) for 370 K, 
from 469 to 388 for 345 K, from 496 to 421 for 320 K, from 501 to 505 for 290 K, and 
from 503 to 504 for 275 K.  Above the LCST, the hydrogen bonds between the polar 
groups and the water molecules weaken with increasing temperatures, which leads to the 
de-swelling of water molecules out of the brush.  Below the LCST, the change in the 
hydrogen bonds is not significant.  The contribution of the NH(NIPAAm)-water pairs is 
also insignificant; the total number of hydrogen bonds is ~20, indicating that the 
interaction between the NH group and the water molecules is not significant due to steric 
hindrances.  These results agree with the results of the PCFs and CNs.  The total number 
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of hydrogen bonds for P(AAm)-water pairs is insignificant at a given range of 



































































Total Surface Area of the Surface-grafted Brush 
 Above the LCST, we expect that the total surface area of the P(NIPAAm) brushes 
will be decreased by collapsing of the brushes followed by de-swelling of the water 
molecules, and therefore, the collapsed brushes will not provide accessible sites to the 
water molecules.  To check this, we monitored the change in the total surface area of the 
P(NIPAAm) and P(AAm) brushes that is accessible to the water molecules (solvent), as 
shown in Figure 6.28.  This solvent accessible surface area (SASA) is generated by the 
center of a solvent rolling over the van der Waals surface of the solute, which is 
equivalent to constructing the SASA as the surface of the solute atomic spheres have radii 
equal to the atomic van der Waals radius plus the solvent radius.  A solvent radius of 1.4 
Å is used to detect the accessible surface area of the brushes for the water molecules.  
Figure 6.28 (a) clearly shows that the total surface area of the P(NIPAAm) brushes is 
decreased above the LCST.  The change in the total surface area is more significant at 
high temperatures.  However, we did not observe a significant change in the total surface 
area for the P(NIPAAm) brushes below the LCST or for the P(AAm) brushes at a given 











 Using a full-atomistic MD simulation approach, we investigated the de-swelling 
mechanisms of the surface-grafted P(NIPAAm) brushes containing 1300 water molecules 
at 275 K, 290 K, 320 K, 345 K, and 370 K.  In this study, we observed a partially 
collapsed state of the P(NIPAAm) brush above the LCST.  The partially collapsed state 

























































free mobile chains [322-324], leading to some of the water molecules being trapped in 
the dense brushes and gradually diffusing out of the brushes above the LCST [356].  In 
this study, the detailed de-swelling mechanisms are described by fully atomistic MD 
simulations.  First of all, we clearly observed the de-swelling of the water molecules for 
P(NIPAAm) above the LCST, whereas we did not observe the de-swelling of the water 
molecules below the LCST.  Using UCST systems (P(AAm) brush) for comparison 
purposes, we did not observe the de-swelling of water molecules at a given range of 
temperatures.  By analyzing the pair correlation functions and the coordination numbers, 
the de-swelling of the water molecules occurred distinctly around the isopropyl group of 
the P(NIPAAm) brush above the LCST because C(NIPAAm) does not offer sufficient 
interaction with the water molecules via the hydrogen bonding type of secondary 
interaction.  We also found that the contribution of the N(NIPAAm)-O(water) pair is quite 
small because of the steric hindrance of the isopropyl group.  By analyzing the change in 
the hydrogen bonds, the hydrogen bonds between polar groups and water molecules in 
the P(NIPAAm) brushes weaken with increasing temperature, which leads to the de-
swelling of the water molecules out of the brushes above the LCST.  Below the LCST, 
the change in the hydrogen bonds is not significant.  Again, the contribution of the 
NH(NIPAAm)-water pairs is insignificant; the total number of hydrogen bonds is ~20, 
indicating that the interaction between the NH group and the water molecules is not 
significant due to steric hindrances.  Lastly, we observed that the total surface area of the 
P(NIPAAm) brushes that is accessible to water molecules is decreased by collapsing the 
brushes followed by the de-swelling of water molecules above the LCST.   
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CHAPTER 7: CONCLUSIONS 
  
 In this dissertation, we have utilized molecular dynamics simulations to 
investigate (i) the monomeric sequence effects of P(VP-co-HEMA) hydrogels on 
equilibrated structures, deformation mechanisms, and the diffusion behavior of guest 
molecules at various water contents (0, 20, 40, and 80 wt%); and (ii) the detailed de-
swelling mechanisms and molecular interactions between surface-grafted P(NIPAAm) 
brushes and water molecules above/below LCST.  In summary: 
 
(i) At low water content (~20 wt%), we observed that the monomeric units in the 
random sequence hydrogel are solvated more than those in the blocky sequence 
hydrogel.  This is because the buried monomers in the blocky sequence hydrogel 
do not provide accessible sites to the water molecules.  It also reveals that the 
distribution of water in the early stages of swelling (at low hydration) is 
nonuniform due to the different hydrophilicity of the monomeric units as well as 
the distribution of the monomer units in the polymer chain.  For the deformation 
mechanism, it was found that the structural relaxation takes place mainly through 
the VP monomers, especially in the blocky sequence, so that the blocky sequence 
hydrogel has lower levels of mechanical stress as compared to the random 
sequence hydrogel.  The diffusion coefficients of the guest molecules in the 
random sequence were higher than those in the blocky sequence, because the 
hydrophilic domain consists of VP units, especially in the blocky sequence, and 
interacts with the hydrophilic guest molecules, which reduces the diffusivity of 
the guest molecules.  The abovementioned dependence on the monomeric 
sequence, however, disappears with increasing water content, because water 
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dominates the properties of the hydrogel by fully solvating the monomeric units 
and guest molecules.   
 This dissertation provides a clear example that the monomeric sequence 
differences in the polymer chain can influence the equilibrated structure, 
mechanical, and transport properties of the P(VP-co-HEMA) hydrogel.  
Therefore, it is concluded that the structures and physical properties of the P(VP-
co-HEMA) hydrogel can be controlled by designing molecular variables such as a 
monomeric sequence in the polymer chain, especially at low water content. 
 
(ii) We clearly observed the de-swelling of the water molecules in the P(NIPAAm) 
brushes above the LCST, whereas we did not observe the de-swelling of the water 
molecules below the LCST.  First, the de-swelling of the water molecules 
occurred distinctly around the isopropyl group of the P(NIPAAm) brush above 
the LCST, because the isopropyl group does not offer sufficient interaction with 
the water molecules via the hydrogen bond type of the secondary interaction.  In 
contrast, we found that the contribution of the nitrogen of P(NIPAAm) for the de-
swelling of the water is quite small because of the steric hindrance of the 
isopropyl group.  We also observed that the hydrogen bonds between the polar 
groups and water molecules in the P(NIPAAm) brushes weaken with increasing 
temperature, which leads to the de-swelling of the water molecules out of the 
brushes above the LCST.  Lastly, the total surface area of the P(NIPAAm) 
brushes that is accessible to water molecules is decreased by collapsing the 
brushes and was followed by de-swelling of the water molecules above the LCST. 
 Because the detailed mechanisms of the de-swelling of the water molecules in the 
P(NIPAAm) hydrogel at the molecular level are not well understood, we were 
able to provide the first thorough investigation of the detailed de-swelling 
mechanism of the water molecules using the molecular dynamics simulation 
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approach.  To control the smart responses, it will be important to provide a 
fundamental understanding of the temperature-sensitive hydrogels at the atomistic 
level by alternating the nature of the components and the molecular structure of 
the hydrogel.  Therefore, the use of molecular dynamics techniques to investigate 
molecular mechanisms on smart responsive hydrogels could provide an initial 
step. 
 
The results presented in this dissertation have raised several questions, which should be 
pursued: 
 
(i) We assumed that our models for P(VP-co-HEMA) have a defect-free ideal 
network structure.  However, experimental samples potentially have structural 
variations such as free dangling chain ends and self-looping.  We expect that the 
stress relaxation mainly occurs in the vicinity of the defects because the defects 
provide a greater degree of freedom for structural deformation.  Therefore, by 
developing fine defect models, we will be able to provide more realistic stress 
responses of deformations in hydrogels.   
 
(ii) Recently, Malham and Bureau [366] reported that the grafting density greatly 
affects the collapse of P(NIPAAm) hydrogel and the thermal response of the 
brushes increased with the grafting density of the brushes.  Because the detailed 
mechanisms of the grafting density dependence of the P(NIPAAm) brushes at the 
atomic level are not well understood, it would be beneficial to be able to evaluate 
the detailed molecular mechanisms under various grafting densities of the 
P(NIPAAm) brushes.    
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(iii) It has been known that the hydrogels respond to a variety of external stimuli such 
as pH, solution ionic strength, and applied electrode potential [320].  However, 
the detailed molecular mechanisms of the multi-stimuli systems are not well 
understood.  We expect that the computational molecular simulation can be a 
useful tool to study the responsive properties of hydrogel to external stimuli by 
investigating the molecular interactions among the components in the presence of 
specific stimuli as well as thermodynamic conditions, which will enhance our 
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